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ABSTRACT 
The research efforts by material scientists in the area of boron suboxide materials 
have been directed towards improving the fracture toughness by microstructural 
tailoring and adopting various effective toughening mechanisms. In this perspective, 
the current work reports the development of boron suboxide composites with 
improved toughness. 
 
The relationships between densification and microstructure and microstructure and 
mechanical properties of boron suboxide (B6O) composites have been studied in 
detail using hot pressing technique. Various suitable sintering additives were selected 
based on thermodynamic calculations. Laboratory prepared B6O powders were 
initially milled using steel balls in an attrition mill to drive the particle sizes down to 
submicron range. Contaminations from steel balls were acid washed in HCl. The 
amounts of impurities remaining in the powders were characterised using Inductively 
Couple Plasma (ICP) technique. Submicron B6O powders were then admixed with 
Al2O3-Y2O3, Al2O3-Y2O3-SiO2, Al2O3-SiO2, Al2O3, TiC, TiB2 and Pd additive 
systems in a planetary ball mill. Al2O3-Y2O3 systems, with various molar ratios were 
used to study the influence of grain boundary composition on densification, 
microstructure and mechanical properties.  
 
Hot pressing experiments were conducted in a temperature range of 1600 – 1900oC 
under a pressure of 50 MPa for 20 minutes in argon atmosphere. The microstructure 
and phase composition of the hot pressed composites were characterised using 
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 
X-ray diffractometry (XRD). Densities of the samples were measured to determine 
the extent of densification. Vickers hardness and indentation toughness were used to 
characterise the mechanical properties of the hot pressed materials. Careful analysis 
of the indentation data has been made and such analysis has provided an estimate of 
the toughness properties of the B6O composites. 
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‘Pure’ B6O hot pressed at 1900oC had Vickers hardness of 35 GPa (500g load) but 
was found to be brittle. The experimental results revealed that B6O composites 
containing Al2O3-Y2O3 and Al2O3-Y2O3-SiO2 systems processed at 1800oC exhibit 
excellent combination of hardness (27 - 34 GPa using 500g load) and fracture 
toughness (3 - 6 MPam1/2). Densities higher than 97% of theoretical densities were 
achieved. Hot pressing these composites at higher temperature (1850oC) is observed 
to slightly lower the hardness values. Amorphous grain boundary phases were 
formed.  
 
Composites containing Al2O3, TiB2, and TiC, respectively were hot pressed at 
1900oC. Vickers hardness in the range of 27 – 31 GPa were obtained using 500g load 
whilst fracture toughness values were in the range of 4 – 7 MPam1/2. B6O composite 
produced by addition of Pd had a hardness of 22 GPa using 5kg load but a high 
fracture toughness of 13 MPam1/2. Fracture toughness values obtained in this work 
are the highest recorded so far for B6O composites. 
 
The mechanisms leading to the achievement of superior toughness and the possible 
reasons for toughness variation with the different additives as well as with hot 
pressing temperature are critically analysed. It has been shown that B6O can be 
sintered using a wide range of oxide additives which could result in improvement of 
mechanical properties, especially fracture toughness. Microstructural tailoring of 
these composites could potentially see widespread application of B6O composites as 
structural material.   
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1 Introduction 
 
The development of synthetic ultrahard materials with hardness values approaching 
or even exceeding that of diamond has been of great interest to material scientists. 
With Vickers hardness (Hv) of composite materials ranging between 50 to 70 GPa, 
diamond is the hardest material known, followed by cubic boron nitride, cBN (35 to 
40 GPa). Diamond, cBN and their sintered composites are widely used in industry as 
wear parts (bearings, nozzles, milling media, and pump impellers) and sawing, 
grinding and cutting tools. However, diamond has a major drawback due to its 
reaction with iron and cannot be used for machining ferrous alloys (1). This prompted 
the synthesis of cBN. The structure of cBN is derived from that of diamond with half 
the carbon atoms being replaced by boron and the other half by nitrogen atoms. cBN 
is half as hard as diamond, but does not react as strongly with iron and can be used 
for machining ferrous alloys. However, as temperature increases cBN weakens due to 
diffusion wear and transformation to hexagonal structure (hBN) (1). The synthesis of 
diamond and cubic boron nitride materials also requires high pressures and 
temperatures, which makes production expensive and limits the sizes and geometric 
forms possible for their polycrystalline ceramics and their composites. 
 
Boron suboxide is third in hardness after diamond and cBN (31 to 38 GPa) (2-8). The 
hardness of a single crystal boron suboxide (B6O) is about 45 GPa which is 
comparable to that of cBN (45-50 GPa) (9). Additionally, the fracture toughness of 
B6O single crystal was found to be 4.5 MPam1/2, which is higher than that of cBN 
(2.8 MPam1/2), and also approaches that of single crystal diamond (5 MPam1/2). 
Boron suboxide has a better thermal stability compared to diamond (9) and can be 
synthesised without the need for high pressure. Boron suboxide therefore becomes a 
potentially good candidate for cutting tools and other industrial applications where 
abrasive wear resistance is essential. For these reasons and because of the need to 
replace expensive diamond in many other applications, boron suboxide has been of 
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technological interest. The strong covalent bonds and short interatomic bond length 
contribute to the exceptional physical and chemical properties such as great hardness, 
low mass density, high chemical inertness and excellent wear resistance (3)(6)(10-13).  
 
Novel boron suboxide (nominally B6O) has been synthesised and sintered and their 
properties have been widely discussed. Sintering is usually carried out in a specially 
designed cell at high-pressures or low-pressure conditions and at high-temperatures 
(2)(3)(5)(7)(11)(14-16)
. Boron suboxide (B6O) formed at or near ambient pressure is 
generally oxygen deficient, has poor crystallinity, and very small grain size. High 
pressure applied during the synthesis of B6O can significantly increase the 
crystallinity, oxygen stoichiometry, and crystal size of the products (12)(17). Boron 
suboxide powders of nominal composition B2O, B3O, B4O, B6O1-x (0.72≤x≤0.96), 
B8O, B12O, B15O, B18O, B20O and B22O have been reported (18-22). Although boron 
suboxide is reported as having nominal compositions, it is widely accepted to be non-
stoichiometric and the reported compositions range from B6O0.72 to B6O0.96. Thus, the 
formula is best reported as B6Ox where x < 1 (20). The boron suboxide investigated in 
this work is of nominal composition B6O.  
 
In spite of the high fracture toughness (4.5 MPam1/2) of a single crystal B6O, the 
fracture toughness for polycrystalline B6O is less than 1.5 MPam1/2 which limits 
industrial applications. The Vickers microhardness values obtained for polycrystalline 
B6O through high-pressure high-temperature processes range from 31 to 38 GPa. The 
reason for the low fracture toughness obtained in the sintered compacts is not 
understood. Efforts have been made to increase the fracture toughness by forming 
B6O composites with other ultrahard materials such as diamond, boron carbide (B4C), 
and cBN (4)(7)(14). High hardness values were recorded for the composites (Hv ~ 46 
GPa under 200g load) but fracture toughness values did not exceed 1.8 MPam1/2. 
Recently, Shabalala (16) produced B6O composites with aluminium borates as the 
second phase via hot pressing and obtained high fracture toughness (3.1 MPam1/2) 
with respectable hardness (Hv ~ 31 GPa under 500g load). These suggest that a 
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careful selection of additives and/or binders in combination with controlled sintering 
conditions could result in a production of B6O composites having a unique 
combination of mechanical properties suitable for industrial applications. 
 
In light of the literature review, the objectives which were identified in order to 
improve the overall mechanical properties, especially fracture toughness, of boron 
suboxide composites for industrial applications were to synthesize submicron boron 
suboxide (B6O) powder and to hot press the synthesised powder. The overall 
mechanical properties of the sintered B6O compact were to be improved by addition 
of carefully selected binders and to relate the microstructure to mechanical properties. 
 
In achieving the above objectives a detailed literature review of boron suboxide-based 
ultrahard materials together with their properties, and the possible avenues of 
improving the mechanical properties are given in Chapter 2. Chapter 3 constitutes the 
modelling of B6O thermodynamic data at high temperatures (800 – 2300K) which 
assisted in selecting suitable additives for this work and for future investigations. The 
methodology and equipments used for the investigation are outlined in Chapter 4. 
Chapters 5 and 6 present the results and discussion of the synthesis, milling, and hot 
pressing B6O composite materials, respectively. Conclusions and recommendations 
from this project are dealt with in Chapter 7. 
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2 Literature Review 
 
2.1 Introduction 
This chapter summarises the available knowledge on boron-based superhard materials 
with particular emphasis on boron suboxide materials.  
 
2.2 Hard materials 
Hardness is defined as the resistance of a material to plastic deformation (1). Hardness 
can also be defined as the resistance of a material to indentation by another material 
(23)
. Hardness can be measured in several ways and includes scratching, grinding and 
indenting methods. In addition, there are a number of factors to consider when 
determining the hardness of any material. For instance, the indenter geometry, testing 
load, and time taken for the indentation have to be considered. The hardness of a 
single crystal depends on the slip systems that can be affected by the stresses 
generated by the indentation. The hardness of polycrystalline material on the other 
hand depends on the single crystal hardness of the majority phase, as well as the 
residual stresses, secondary phases, microstructural textures, grain size, applied load, 
porosity, structure and composition of the grain boundaries (1).  
 
Hard materials on the other hand are solids with high hardness in the range of 8 to 10 
on the Mohs’ scale of hardness (1). This scale of hardness was developed for minerals. 
However, in material science, Vickers, Rockwell or Knoop hardness are used. 
Ultrahard materials have hardness values comparable to that of diamond. Ultrahard 
materials are materials with Vickers hardness (Hv) higher than 40 GPa (8). Generally, 
the hardest materials which are also those of highest bulk moduli, are to be found 
among certain of the light elements (e.g. boron and carbon) or compounds between 
them, for instance cubic boron nitride, boron suboxide and boron carbide (24). 
Ultrahard materials are widely used as wear parts, grinding, and cutting tools. 
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Currently, only diamond and cubic boron nitride (cBN) are used in industry as 
ultrahard materials. Table 2.1 shows the properties of some selected hard materials. 
 
Table 2.1: Density, hardness, bulk and shear modulus of some selected hard materials. 
Material Density (g/cm3) 
Hv1 
(GPa) 
Bulk modulus 
(GPa) 
Shear modulus 
(GPa) Reference 
Diamond 3.52 70 443 535 (25) 
c-BN 3.48 45-50 400 409 (25) 
B4C 2.52 30-50 250 - (25) 
TiB2 4.50 30-33 244 263 (25) 
AlB12 2.58 26 - - (25) 
AlMgB14 2.66 32-35* 212 231 (25) (26) 
*Load not specified  
 
 
2.3 Crystal structure of boron-based hard materials 
The disadvantage of carbon-based materials such as low oxidation resistance of 
diamond can be improved by boron-based hard materials of the binary or ternary 
systems B-C, B-N, B-O, B-C-N (1)(27). Diamond oxidises in air above 600oC whereas 
cubic boron nitride (cBN) is resistant to oxidation up to 1100oC in air (28). Boron is 
one of the two elements (along with nitrogen) that forms compounds with all its 
neighbouring elements (BeBx, MgBx, AlBx, BxSi, BxC). Additionally, boron is the 
only element whose compounds with adjacent (and not only adjacent) elements in the 
periodic table are not simply thermally stable, but furthermore have the highest 
hardness values known (22). Boron-rich solids form a class of light element-containing 
‘super-hard’ materials, with high tensile strength and large values of the bulk 
modulus and cohesive energy (15)(29). cBN, B22O, B2O, B6O, and B4C are known as 
boron-containing superhard materials, with a Vickers microhardness (Hv) of 30-55 
GPa (3)(12)(18)(30). The crystal structure of boron, boron suboxides and boron carbides 
are discussed below. 
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2.3.1 Crystal structure of boron 
Elemental boron is a hard material with microhardness of 30 GPa. The high hardness 
is related to the low molar volume of 5 cm3 and a covalent bonding of the 
rhombohedral crystal structure. Boron compounds have exceptional properties in 
respect to their chemical bonding, crystal structure, and phonon and electron 
conduction (22)(31). Boron (valence of 3) exhibits a number of different compositions 
and structures arising from the specific electronic nature of its atom. The properties of 
α-rhombohedral boron, for example, can be significantly changed by the addition of 
other atomic constituents (32). B12O2 and AlMgB14 are examples whose hardness 
values were claimed to approximate that of cubic boron nitride (cBN). Boron atoms 
form very stable clusters such as an octahedron, an icosahedron, and other 
polyhedrons. Such structure characteristics resulting from the covalent nature of the 
bonding and forming a rigid three-dimensional framework, determine their bulk 
properties of high hardness and refractory nature. 
 
Boron exists in several phases including the crystalline forms of α and β 
rhombohedral boron, α and β tetragonal boron, and an amorphous form. The different 
phases depend on the temperature, pressure, and reactants present during formation 
(20)
. The phase diagram of boron is given in figure 2.1 showing the stability region of 
the different phases. Each phase exhibits different chemical and physical 
characteristics. It has been found (by ab initio calculations) that at low temperatures, 
α-boron is the most stable phase, while at high temperatures β is the most favourable 
phase (33). Tetragonal phases are generally formed at intermediate temperatures when 
impurities are present. Amorphous boron deposited at low temperatures, tends to be 
fine-grained and most reactive (20)(34). 
 
Table 2.2 compares the structural parameters of α- and β-boron, along with some of 
their physical properties and table 2.3 compares the lattice parameters for α-boron, 
boron carbide and some selected boron suboxides. In case of the atomic density ρ, α 
phase is denser than the β phase by 7%. It is also seen (Table 2.2) that the α-boron is 
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stiffer than β-boron, with respect to the bulk modulus and Debye temperature. This is 
consistent with the fact that α-boron is denser than β-boron. Therefore α-boron is a 
stronger material. 
 
 
 
 
Figure 2.1: Phase diagram of boron. Red indicates the region where α-boron is stable, while blue 
indicates β-boron. The melting curve is indicated by a dashed line, which is started from an 
experimental point Tm = 2340 K (33). 
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Table 2.2: Structural parameters of α- and β-boron in experiment: Lattice parameters a0 and α, number 
of atoms Natom, atom density ρ, coordination number Nc, Debye temperature θD, and bulk modulus B0. 
The bond length is presented as the minimum dmin and average davg for all the bonds (35). 
 α-boron β-boron 
a0 (Ǻ) 5.057 10.145 
α (o) 58.06 65.17 
Natom 12 105 
ρ (/Ǻ3) 0.1373 0.1278 
Nc 5.50 6.40 
dmin (Ǻ) 1.71 1.62 
davg (Ǻ) 1.77 1.80 
θD (K) 1430 1200-1300 
B0 (GPa) 213-224 185-210 
 
 
 
Table 2.3: Cell parameters for boron, boron carbide and selected samples of B6O (Space group mR
−
3 , 
hexagonal axes). 
Cell parameters (nm) Compound 
ah ch ch/ah 
Reference 
α-rh B 4.927(3)  12.564(7) 2.55 (24)  
B6O0.787 5.3824(4) 12.322(1) 2.289 (24)  
B6O0.839 5.3761(7) 12.326(3) 2.293 (24)  
B6O0.95 5.3902(2) 12.3125(4) 2.284 (12)  
B6O 5.395 12.342 2.282 (36)  
B4C 5.5991(5) 12.074(2) 2.156 (24)  
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The crystal structures of α- and β-boron are shown in figure 2.2. Both have a 
rhombohedral Bravais lattice with a space group of mR
−
3  in its perfect form. The 
icosahedral unit B12 is a common building block (18)(35). The structure of β-boron is 
complex with a unit cell consisting of 105 atoms, which can be classified into 15 
nonequivalent atomic sites on the assumption of mR
−
3  symmetry (37). Site B(13) in 
figure 2.2 is only partially occupied with an occupancy of 73.4%. The missing boron 
atoms appear at extra site B(16) with an occupancy of 26.6%. 
 
The most easily available modification of boron that is found commercially or made 
within the laboratory is the β phase (35). Hence, this phase is considered to be the 
thermodynamically stable phase (18)(35). 
 
 
a) b) 
Figure 2.2: Crystal structure of α- (a) and β-boron (b). α-boron has a rhombohedral structure (space 
group mR
−
3 ) with 12 atoms in a cell. β-boron has the same space group, but it contains 105 atoms in a 
cell. The closed (open) circles represent atomic sites with full (partial) occupancy. Atomic sites with 
partial occupancy are indicated (35). 
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2.3.2 Crystal structure of boron suboxides 
Oxygen atoms dissolving into electron deficient α-rhombohedral boron structure 
results in the formation of boron suboxide. This decreases the c/a ratio of the boron 
structure (12)(24). Structure models of boron suboxides suggest oxygen occupancy of 
the 6c positions with the coefficients depending on the composition. The axial ratio 
decreases with increasing oxygen content (Table 2.3). For instance, the unit cell 
parameters for sample produced by Hubert et al. (12) were refined from powder X-ray 
diffraction data to a = 5.3902(1) Å, c = 12.3125(2) Å, which gives a c/a ratio of 
2.284.  
 
The structure of boron suboxide (nominally B6O) is built of eight B12 icosahedra units 
situated at the apices of the rhombohedral unit cell (space group mR −3 ). The structure 
can be viewed as a distorted cubic close packing (ccp) of B12 icosahedra. Figure 2.3 
shows the structure of B6O. The unit lattice of B6O has α-rhombohedral boron type of 
structure consisting of B12 cluster as the fundamental frame. Two oxygen atoms are 
located in the interstices along the [111] rhombohedral direction, replacing the 3-
center, 2-electron bond that links the icosahedra in this direction (3)(11)(17)(24). The O-O 
bonding distance is 0.307 nm, which prevent direct O-O bonding (17)(24). 
Consequently, each oxygen atom is only bonded to three equatorial boron atoms 
belonging to three different boron icosahedra. Due to its short interatomic bond 
lengths and strong covalent character between boron- boron, B6O displays a range of 
outstanding physical and chemical properties such as high hardness, low mass 
density, semiconductivity, high chemical inertness, high melting point, and excellent 
wear resistance (3). There have even been reports that samples of material with 
nominal composition near ‘B22O’ scratch the softer {100} faces of diamond (18). 
However, boron suboxide is nonstoichiometric (9)(18). Reported compositions ranges 
from B6O0.72 to B6O0.86 at near ambient pressures (15)(29)(38).  
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Figure 2.3: (a) Structure of B6O built of eight icosahedral units situated at the vertices of the 
rhombohedral unit cell. Gray icosahedra are in the background. The icosahedra are composed of 12 B 
atoms situated at the corners of a slightly distorted icosahedron. Oxygen atoms are three-coordinated to 
boron atoms in separate icosahedra in the (001) plane (17)(15). 
 
 
Compared to room-temperature synthesis, high-pressure high-temperature (HPHT) 
techniques produce B6O much closer to the ideal composition (highest O occupancy, 
B6O0.96) with improved crystallinity (12)(15)(17). Pressures up to 10 GPa have been used. 
Structural investigations have shown that there is only partial occupancy of the 
oxygen position (6)(39). An investigation by Lundström and Andreev (24) showed that 
the oxygen occupancy varies from 0.787(5) at 1450oC to 0.831(5) and 0.839(4) at 
1350oC and 1250oC respectively. High pressure synthesis of boron suboxide in the 
presence of an oxidizing agent results in an increase in the oxygen chemical potential, 
as should be expected, and that drives the composition of the B6O phase closer to the 
nominal stoichiometry (6)(12)(15)(17). Table 2.4 shows published data on the occupancy 
of the 6c positions in the known boron suboxides. The formula of the suboxide is 
therefore more conveniently written as B6O1-x (6). 
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Table 2.4: Site Occupancies and the number of atoms per hexagonal unit cell for boron suboxides. 
Compound Occupancy of the 6c position, oxygen 
Total number of 
atoms per unit cell Reference 
B6O0.72 0.72 40.32 (40)  
B6O0.76 0.76 40.56 (39)  
B6O0.77 0.77 40.62 (17)  
B6O0.787 0.79 40.72 (24)  
B6O0.839 0.84 41.03 (24)  
B6O0.89 0.89 41.34 (17)  
B6O0.93 0.93 41.58 (39)  
B6O0.95 0.95 41.70 (17)  
 
 
B2O was reported to crystallise in the space group P3 with the hexagonal unit cell a = 
2.879 Å and c = 7.052 Å, containing four boron and two oxygen atoms (30). The 
structure was suggested to consist of buckled atomic layers (consisting either of 
boron atoms or of boron and oxygen atoms), stacked in the c direction (corresponding 
to [111] direction of the sphalerite cell) in the sequence BB layer and double OB-BO 
layer. Lundström (29) calculated the interatomic distances using space group 13mP
−
 
with boron at the atomic positions 2c (z = 0.375) and 2d (z = 0.042), respectively, and 
oxygen at 2d (z = 0.292). It was assumed that dBB = dBO. The calculations show that 
the B-B distances within and between the buckled boron layer are normal, namely 
1.765 Å. The B-O distances are, however, larger within the two halves of the B-O 
double layer, namely 1.765 Å, a consequence of the assumption made. If the half 
layers of the double layer are assumed to be plane, the B-O distance is 1.66 Å, which 
is more reasonable considering the interatomic distances in other B-O solids. In B6O 
for instance, the distance is slightly less than 1.50 Å. The shortest B-O distance 
between a boron atom in the buckled boron layer and an oxygen atom in the buckled 
layer is, however as large as 2.35 Å, which indicates a very weak bonding between 
these two types of layers. This distance will be even larger if the B-O half layers are 
assumed to be plane. This means that the structure suggested by Endo et al. (30) for 
B2O has mainly properties characteristic of layer structures, including no great 
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hardness. Based on the calculations conducted by Lundström, it was concluded that 
the proposed structure of B2O is unstable. This means that the crystal structure of 
B2O needs to be investigated more closely. In addition to the most studied form of 
boron suboxide (B6Ox-1 and B2O), other boron suboxides (BxO) of nominal 
composition B3O, B4O, B7O, B15O, B20O, and B22O have been reported (18-22). 
However, there is practically no common opinion either on their composition or 
structure.  
 
 
2.3.3 Crystal structure of boron carbides 
Boron carbides are among a number of materials with crystal structure derived from 
that of α-rhombohedral boron. The crystal structure of boron carbide (B4C), which is 
better represented as B13C2, is built of B12 icosahedra linked together by C-B-C 
chains (figure 2.4). Using IR absorption, Becher and Thévenot (41) have confirmed the 
existence of the C-B-C chains in compounds such as B4C and B5.52C. The space 
group is mR
−
3  (No. 166) similar to boron suboxide. The incorporation of carbon in 
boron carbide was understood to supply the extra two electrons to the crystal of α-
boron, replacing the weak three-centre bond with strong covalent bonds. These 
relatively weak three-centre bonds are mainly responsible for the cohesion in the ab 
plane. The arrangement is such that an elongated hole is formed between two three-
centre bonded triangles along the trigonal axis (24)(29).  
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Figure 2.4: Crystal structure of B13C2 (42). 
 
 
Compounds crystallizing in the B4C-like structure are formed between boron and 
nine elements of the periodic table, namely Be, C, N, O, Si, P, S, As, and Se (40). The 
structures belonging to the structural family of B4C differ mainly in the number and 
type of atoms accommodated in the elongated holes occurring along the hexagonal c 
axis (rhombohedral space diagonal) of the unit cell. Icosahedral borides of P (B12P2) 
and As (B12As2) pnictides, for example, are materials based on 12-atom boron 
clusters in which boron atoms occupy the 12 vertices of the icosahedra and two atom 
chains (P2 or As2) that reside between icosahedra (42).  
 
Even though boron carbide and boron suboxide are related to the same rhombohedral 
structure, boron suboxide is harder than boron carbide. The difference is somewhat 
connected to the inter-icosahedral atoms (43). In boron suboxide and boron carbide, O 
and C atoms are placed between icosahedra, linking them with strong covalent bonds. 
These intracluster bonds are stronger in boron suboxide than in boron carbide due to 
the higher electronegativity of oxygen relative to carbon. With the development of the 
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first-principles approach, Gao et al. (42) had predicted the hardness of a number of 
boron-rich phases. It is believed that boron-rich materials formed by adding some 
element to boron icosahedra have great potential as new superhard materials for 
industrial use. 
 
 
2.4 Synthesis and structure of nonstiochiometric boron suboxide (B6O) 
powders 
The synthesis of boron suboxide powders and description of its properties have been 
extensively reported in literature. Wartik and Apple produced amorphous BO(s) by 
dehydration of B2(OH) in vacuum (44). Kanda et al. also prepared BO(s) by reacting 
B2O3 with B at 1050oC also in vacuum (45). The other suboxide of boron frequently 
mentioned in literature is B7O which was first reported by Weinstraub (46). B7O was 
then prepared by reduction of B2O3 with Mg. Pasternak (47) confirmed this B7O by 
chemical analysis. Additionally, powders of nominal composition B2O, B3O, B4O, 
B6Ox-1 (where 0.72≤x≤0.96), B12O, B15O, B18O, B20O and B22O have been reported 
of being formed (18)(19-22)(31). One of the difficulties in establishing the correct 
composition for this oxide is that only boron was determined with the difference 
assumed to be oxygen (36). The different methods of producing boron suboxide 
powders are summarised below. 
 
Boron suboxide powders can be produced by reacting stoichiometric amounts of 
elemental boron and boron oxide under controlled conditions (1000oC ≤ T ≤ 2200oC; 
1hr ≤ time ≤ 12hr; argon atmosphere) (3)(4)(11)(12)(15)(17)(20). Alternatively, boron 
suboxide powders can be produced by reacting boron with MO where M is Mg or Zn 
(5)(20)(48)(49)
 or by reducing other oxides such as SnO, Ga2O3, In2O3, Bi2O3, Li2B4O7, 
KClO3 and CdO (19)(21)(24). It was reported that the boro-thermic reduction of B2O3, 
ZnO and Li3B4O7 resulted in the highest yields and purest reaction products. The 
specific form of BxO produced depends on the process conditions and the ratio of 
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elemental boron to boron oxide loaded into the reaction cell (2). The reaction of boron 
and boron oxide can generally be represented as (2); 
 
)(3)()()23( 32 sOBlOBsBx x→+−       [2.1] 
 
In the case of reacting boron with zinc oxide, the following reaction [2.2] was used 
(5)
. 
 
↑++→+ )(28 6 gZnBOBZnOB       [2.2] 
 
The high temperature solid-liquid reaction [2.1] is achieved by wet mixing powdered 
boron and powdered B2O3 using a molar ratio of B:B2O3 = 16:1.03 in a mixer (e.g. 
agate mortar). Ethanol/hexane or other non-oxygenated dispersion liquid is normally 
used as solvent. The excess B2O3 takes into consideration that a small amount of 
B2O3 does not react with B, but rather volatilises during the heat treatment (3). 
Nevertheless, this excess B2O3 can be removed after synthesis when washed in warm 
ethanol and/or water (9). The preparation of boron suboxide (B6O) in small quantities 
can also be carried out by oxidation of boron (directly or platinum catalysed) with 
oxygen gas at ambient pressure and at 1100-1800oC (36).  
 
Stoichiometric high-pressure high-temperature phases of B2O have been prepared by 
Hall and Compton (21) and Endo et al. (30). In the former study, a graphite-like B2O 
was synthesised by the reduction of B2O3 with B or Li and by oxidation of B with 
KClO3. The preparation was carried out within the pressure and temperature ranges of 
5-7.5 GPa and 1200-1800oC. The B2O synthesised by Endo et al. was carried out by 
reacting boron powder with oxygen derived from the thermal decomposition of CrO3 
to CrO2 at pressures of 3.5-5.5 GPa in the temperature range 1000-1200oC. The 
recovered B2O appeared to have a diamond-like structure and was characterised by 
Vickers microhardness (100g load) of 40.5 GPa. 
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The boron used can either be in the form of amorphous boron or crystalline boron. 
The B2O3 used is assumed to be pure (i.e. 99.9% pure). However, it is reported (2) that 
if the elemental boron used is less than 95% pure (with about 6% Mg), a harder B6O 
material is formed. It is believed that the Mg aid in sintering of boron suboxide 
resulting in improved form of B6O which is greater in hardness. 
 
The synthesis of boron suboxide (B6O) by reactive sintering can be carried out either 
at ambient/near ambient pressure or high pressure conditions. Boron suboxide 
powders produced at or near ambient pressure is generally nonstiochiometric with the 
reported compositions ranging from B6O0.72 to B6O0.86 (11)(24)(38)(50). Additionally, the 
synthesis typically produces fine-grained powders mixed with amorphous boron 
material (15).  
 
The synthesis of boron suboxide at high pressures (4–5.5 GPa) resulted in near 
perfect icosahedra particles, euhedral (trigonal) grains (up to 40 µm), and multiply-
twinned particles (MPTs) (11)(15)(17). These results were unexpected because the X-ray 
powder diffraction pattern remained fully consistent with the mR3  space group, 
which does not allow the presence of five-fold symmetry (12)(15)(51). The presence of 
re-entrant faces on some particles allowed the identification of these icosahedra as 
multiply-twinned particles rather than quasi-crystalline materials. Figure 2.5 shows 
morphology of B6O MTPs. Icosahedral MTPs of B6O serve as the nucleus for the 
icosahedral packing of B12 units. Growth occurs by addition of successive layers of 
B12 icosahedra to each triangular face. The icosahedral morphology of the grains 
makes them potentially useful for high-wear-resistance applications. Other 
morphologies that have been reported include intergrown subhedral to anhedral 
icosahedral grains, and rounded anhedral sintered masses (11)(17). 
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Figure 2.5: Morphology of B6O MTPs. (a) SEM image of an isolated icosahedron. (b) Descriptive 
model of a regular icosahedron consisting of 20 tetrahedral individuals, illustrating the relationship 
between a tetrahedral individual and a rhombohedral cell. (c) SEM image of B6O MTPs with well 
developed faces forming re-entrant angles at the apices, indicative of twinning (15)(17). 
 
 
2.5 Sintering of boron suboxide (B6O) materials 
Boron suboxide (B6O) is typically unsinterable under ambient pressure conditions. 
Fully densified compacts of B6O are difficult to achieve even by pressure sintering 
techniques such as hot pressing or hot isostatic pressing (19). No appropriate sintering 
aid has been found because B6O is easily oxidized to form B2O3 causing degradation 
of the mechanical strength of the resultant sintered compact (7). Sintering of boron 
suboxides, like other sintering processes, is believed to occur in stages. The sintering 
mechanism of boron suboxide in the B-B2O3 system is summarised in section 2.5.1. 
Additionally, work carried out on B6O powder sintered via low-pressure high-
temperature (LPHT) and high-pressure high-temperature (HPHT) conditions and their 
properties are summarised in sections 2.5.2 and 2.5.3, respectively. 
 
2.5.1 Sintering mechanism 
The sintering mechanism of boron suboxide at low-pressure (20 to 29 MPa) and high-
temperature (up to 2000oC) has been studied by Brodhag and Thévenot (19). ‘Sound’ 
pellets were reaction hot pressed from a mixture of boron and boron anhydride. 
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Additionally, B12O2 powder was prepared by boron reduction of zinc oxide. Boron 
nitride lining was used to avoid carbon diffusion in the sample during hot pressing in 
graphite dies. No densification effect was observed for B12O2 powder below the 
sintering temperature of 1600oC. Nevertheless, three important densification stages 
for reactive hot pressing were observed (figure 2.6).  
 
The first stage at about 290oC is believed to be due to the fusion of B2O3 and the 
resulting liquid penetrating between the solid particles. The reaction at about 1200oC 
leads to further densification, and proper sintering starts at 1800oC (19). The absolute 
and relative volume compositions showed that a higher pressure provides better 
penetration by the liquid phase and therefore a better reaction. From figure 2.6a, the 
highest pressure (29 MPa) resulted in a highest final density. Table 2.5 shows the 
absolute densities of the hot pressed materials. Figure 2.6b gives details of the 
densification kinetics during the reaction which seems to have three steps in the range 
1000 - 1400oC. From their investigations, it was concluded that the boron suboxide 
powder sinters better than the reactive one (about 200oC lower). The reason was 
attributed to traces of zinc remaining in the powder as well as other microstructure-
related reasons. For the reactive hot pressing experiments, the de-agglomeration (* on 
figure 2.6) leads to a lower green density, but the sintering rate is higher and the 
sintering temperature is lower. Homogeneity of the mixture improves the reaction and 
causes the disappearance of large pores due to initial B2O3 agglomerates (19).  
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 a) 
 b) 
Figure 2.6: Densification during reactive hot pressing: a) absolute density; b) densification rate (* for 
screened reactive mixtures) (19). 
 
Table 2.5: Absolute densities of hot pressed materials at maximum sintering temperature (19). 
 Material Pressure (MPa) Absolute density 
1 20 1.85 
2 20 2.05 
3 23 1.95 
4 29 2.2 
 
 
 
2.5.2 Low-pressure high-temperature sintering conditions and properties of 
resulting ceramic materials 
Holcombe and Horne (48) produced boron suboxide (B7O) by blending zinc oxide 
powder with boron powder. The blended powders were isostatically pressed at about 
140 MPa into pellets and heated in the presence of inert atmosphere to a temperature 
in the range of 1200-1500oC to effect the reduction of zinc oxide by the boron. This 
material was characterised as having an average Vickers hardness value of 38.2 GPa 
at 100g load (fracture toughness note reported). A density of 2.80 g/cm3 was 
measured for this material. Surprisingly, the measured density is higher than the 
theoretical density of B6O (2.59 g/cm3). This is an indication that the zinc oxide did 
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not react completely with the boron powder and therefore the B6O powder produced 
was containing zinc impurities. Since the density of zinc (7.1 g/cm3) is higher than 
the theoretical density of B6O, the density of the resulting sintered compact would be 
higher than that of B6O. This material is described as highly refractory, resistant to 
oxidation and acids and suitable for use on surfaces subject to abrasion, e.g., grinding 
wheels, drill bits, machine tools and in structures employed in high temperature 
applications.   
 
Goosey and Anderson (52) fabricated boron suboxide by hot pressing at about 2000oC 
under a pressure of about 40 MPa. The boron suboxide was compacted from a 
mixture of boron and boron oxide in a metal die lined with graphite and tantalum. 
The compacted article was coated with a mixture of boron nitride and boric oxide and 
was subjected to a second pressing step while heating at a temperature sufficient to 
melt the boron oxide in the compacted mixture.  After allowing the metal die to cool, 
the compacted article was removed and placed in a graphite die also coated with 
boron nitride and lined with tantalum and then hot pressed. The resulting material 
was reported as being ‘sound’ boron suboxide article, free of contaminants. The 
product possesses outstanding physical properties (Knoop hardness of 30 GPa at 
100g load and modulus of elasticity of about 480 GPa) that render it suitable for a 
variety of applications such as cutting tools, ceramic bearings, and grinding media. 
The measured density of the material was 2.60 g/cm3. The fracture toughness for this 
material was not reported. 
 
Petrak et al. (38) produced B6O by reaction hot pressing from a mechanically mixed 
boron and B2O3 (the actual pressing temperature and pressure was not reported). 
Phases observed in the hot pressed samples were boron suboxide and boron. 
Nevertheless, a slight amount of B2O3 was also observed in some of the samples. 
Measured densities were more that 99% of theoretical density. The linear expansion 
coefficient for this material increased with increasing temperature and has an average 
value of 5.69 x 10-6/oC for the temperature range of 20-900oC, which is greater than 
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that of B4C. Knoop hardness of B6O measured at load of 100g was 30.4 GPa, similar 
to B4C (30.2 GPa) prepared and measured under the same conditions. The zero 
porosity Young’s modulus value was about 470 GPa with Poisson’s ratio of 0.155 
and flexural strength of about 350 MPa with an average grain size of 2 µm. 
 
Bairamashvili et al. (53) fabricated boron suboxide (B6O) by a hot pressing technique 
in a compaction press and in vacuum at high temperature (exact temperature and 
pressure not reported). The physicomechanical properties of this material were 
measured and compared with those of SiB4 and B4C which belong to the same family 
and prepared in the same way as the B6O. The resulting materials had more than 90% 
of the theoretical densities and the compositions were approximately stoichiometric. 
Summary of the measured properties are given in table 2.6. The compression strength 
measured for B6O varies from 63 GPa at 20oC to 39 GPa at 1000oC. The 
microhardness values for B4C and B6O were nearly identical and SiB4 were slightly 
lower (fracture toughness not reported). The elastic moduli of B4C, B6O and SiB4 
were measured in air at room temperature by the dynamic specimen – bending 
method.  
 
Table 2.6: Physicomechanical properties of B6O, B4C and SiB4 (53). 
Sample Density  (g/cm3) 
σcomp  
( GPa) 
at RT 
Hardness  
(GPa) 
Young’s 
modulus 
(GPa) 
Linear thermal 
expansion coefficient 
(×  10-6 K-1) 
[RT-1000 oC] 
Thermal 
conductivity at 
100oC, W/mK 
B6O 2.4 63 32 440 5.5 10.2 
B4C 2.4 79 35 480 4.5 14.7 
SiB4 2.35 50.2 27 280 6.0 5.9 
 
 
Brodhag and Thévenot (19) produced boron suboxide (B12O2) by hot pressing ‘sound’ 
pellets either by starting from a mixture of boron and boron anhydride for reactive 
sintering, or B12O2 powder prepared by the boron reduction of zinc oxide and leached 
in acid for reducing zinc content. Boron nitride lining was used to prevent carbon 
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diffusion in the sample during hot pressing in graphite dies. Hot pressing was carried 
out at temperatures up to 2000oC and pressures between 20 and 29 MPa. The 
sintering mechanism was explained and discussed in section 2.5.1. The resulting 
materials were porous and therefore the properties were not reported (see table 2.4). 
 
Badzian (18) produced boron suboxide via high temperature (about 2000oC) sintering 
under pressures from 100 to 1000 MPa from boron and B2O3. The sintered bodies 
were melted in induction furnace in an argon atmosphere and properties measured. 
The melted material was found to be black in colour. Chemical analysis was done on 
the powder and B22O composition was assumed. The melted material has a 
microhardness measured by Hanemann indentation (80g load) of 60 GPa. This 
material shows polycrystalline morphology, easily wear a diamond tip parallel to the 
(001) plane, or scratches a (111) diamond face in any direction. 
 
 
In 1991, Srikanth et al. (31) attempted to determine the nature of the BxO phases that 
occurred in the field defined by pressure of 0 to 1.5 GPa, temperature between 1200-
1700oC, and the compositional range 2/3 ≤ x ≤ 24. Amorphous boron powder and 
boric acid were the starting reactants. After processing at elevated temperature and 
pressure, for compositions over the range 2/3 ≤ x ≤ 6, B2O3 (identical to the 
hexagonal starting material) and B6O ( mR −3 ) were the dominant phases present. For 
the compositions 6 ≤ x ≤ 24, B6O and rhombohedral B were the primary phases 
identified. Densities obtained ranged from 2.20 to 2.46 g/cm3. The hardness values 
obtained were dominated by the occurrence of B6O. However, there were some 
suggestions of high values of hardness on a localised scale in specimens near B22O 
composition. Fragments of processed specimen containing B6O were observed to 
scratch Al2O3 (easily) and SiC. 
 
Ellison-Hayashi et al. (2)(20)(54)(55) produced boron suboxide (B6O) by hot pressing a 
stoichiometric mixture of elemental boron and boron oxide powders at temperatures 
in the range of about 1800-2200oC and at pressure of about 14-40 MPa for a period of 
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about 5 minutes to 3 hours while encapsulated by hBN. An average Knoop hardness 
(100g load) of about 38 GPa was reported and for some material about 42 GPa. They 
claimed that the powder can be crashed into granules and used as abrasive grit, or grit 
bonded to tools which require highly abrasive surfaces. The high hardness was 
attributed to the presence of Mg in boron starting powder which aid in densification. 
The fracture toughness was not reported. 
 
Kayhan and Inal (5) fabricated B6O compact from B6O powder produced by reacting 
boron and zinc oxide. Hot pressing was carried out at 1600oC in vacuum under 
pressure of 40 MPa for 2 and 4 hours, respectively. An inductively heated graphite 
die was used. An intermediate barrier layer of boron nitride was used between the 
green sample and the graphite die and rams to prevent carbon diffusion from the die 
to the sample. During pressing, the pressure was maintained at 10 MPa up to the 
sintering temperature and then was increased to 40 MPa. The densities measured 
were 2.15 and 2.18 g/cm3, respectively. The samples were then given a high 
temperature treatment at 1800oC under vacuum with no pressure applied for full 
densification (densities measured were 2.31 and 2.39 g/cm3, respectively). The 
Vickers microhardness (100g load), fracture toughness and flexural strength values 
measured for these materials are summarised in table 2.7. The fracture toughness was 
calculated from three-point bend testing with notch radius of 0.4 mm.  
 
From table 2.7 the properties measured for pure B6O materials are very surprising and 
unexpected since the fracture toughness was already high (6.23 MPam1/2) for the pure 
hot pressed material even before infiltrating with aluminium. This is contradictory to 
what have been reported in literature up to date, that pure B6O sintered compacts have 
low fracture toughness values (brittle). Using the fracture toughness (KIC) and 
reported strength values (σ), the defect size (a) can be estimated as (56):  
 
[ ]2/σICKYa =         [2.3] 
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where Y ≈ 1. This gives a very large defects (≈ 0.8 cm) questioning the validity of the 
data.  
 
Table 2.7: Summary of properties of B6O hot pressed at 1600oC in vacuum under 40 MPa (5). 
Material Density (g/cm3) 
Hardness 
(GPa) 
Fracture 
toughness 
(MPam1/2) 
Flexural 
strength 
(MPa) 
Phases 
2h hot pressed 2.15 35 5.35 57.18 B6O, B, B2O3 
4h hot pressed  2.18 35 5.52 59.07 B6O, B, B2O3 
2h hot pressed & heat-
treated 2.31 36 5.84 62.43 B6O, B 
4h hot pressed & heat-
treated 2.39 37 6.23 66.70 B6O, B 
4h hot pressed, heat-treated 
& infiltrated 2.53 40 8.12 86.88 
B6O, Al2O3,  
Al1.67B22 
 
 
 
2.5.3 High-pressure high-temperature conditions and properties of resulting 
ceramic materials 
Itoh et al. (3) produced B6O compact via high-pressure (3-6 GPa) high-temperature 
(1400-1800oC) techniques from powdered B6O synthesised from amorphous boron 
and boron oxide (B2O3) for 10 to 20 minutes in inert atmosphere. The specimen 
chamber was surrounded by an hBN capsule and a graphite heater was used for 
heating purposes. A single phase sintered compact having Vickers microhardness 
(200g load) of between 31 and 33 GPa under pressures of 3-5 GPa and 1700oC for 20 
minutes can be produced. It was found that the B6O sintered compact was of 
intragranular fracture type while the toughness was low. The B6O sintered compact 
had superior oxidation resistance in air at high temperatures (up to 1000oC) in 
comparison with a B4C sintered compact prepared in the same conditions (5 GPa, 
1700oC and 20 minutes). The B2O3 layer formed during oxidation functioned as a 
protective layer and does oxidise mildly until about 1000oC. 
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The synthesis of B6O single crystals at high pressure and high temperature was 
discussed in section 2.4. However, properties of these materials were not mentioned. 
He et al. (9)(11) produced B6O single crystals at high pressure (~ 5.5 GPa) and high 
temperature (2100oC) for 60 minutes with grain sizes over 100 µm. This made it 
possible to measure the Vickers hardness on separate single crystals. The Vickers 
hardness was measured using a pyramidal diamond indentation method, after the 
samples had been polished using diamond abrasive disks and slurries. The average 
Vickers hardness was 45 GPa under a load of 0.98N (9). The corresponding fracture 
toughness, measured using Anstis’ equation, was 4.5 MPam1/2. 
 
 
2.6 Boron suboxide composites  
B6O sintered compacts have been discussed in section 2.5. Fracture toughness of a 
single crystal B6O is 4.5 MPam1/2 with a corresponding Vickers hardness of 45 GPa. 
The Vickers microhardness values obtained for polycrystalline B6O range from ~31 
to ~38 GPa (2)(4). However, fracture toughness for polycrystalline B6O is less than 1.5 
MPam1/2 which limits industrial applications. The cause for the low fracture 
toughness obtained in the sintered compacts is not understood. Efforts have been 
made to increase the fracture toughness by forming B6O composites with other 
ultrahard materials such as diamond, boron carbide (B4C), and cubic boron nitride 
(cBN). B6O composites have also been produced with aluminium and carbon 
additions. Summary of these investigations is given below. 
 
In 1999, Kayhan and Inal (5) densified B6O sintered samples which have been 
infiltrated with aluminium (99.99% purity) at temperatures between 1100-1250oC to 
improve their mechanical properties. In filtrations were carried out in a tube furnace 
in pure argon atmosphere with no external pressure applied. A temperature of 1200oC 
was found to be the optimum infiltration temperature. Table 2.7 summarises the 
properties of this material. Measured density was 2.53 g/cm3. A Vickers 
microhardness of 40 GPa (100g load) with a corresponding fracture toughness of 8.1 
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MPam1/2 was obtained. The fracture toughness was calculated from three-point bend 
testing. This fracture toughness is the highest reported for B6O composite materials. 
However, even before infiltrating this material with aluminium, the ‘pure’ B6O 
sintered compact was having a fracture toughness of 6.23 MPam1/2 (see table 2.7) 
which is quite surprising. In sections 2.5.2 and 2.5.3 the properties of ‘pure’ B6O 
sintered compacts were discussed and it was shown that ‘pure’ B6O compacts are 
brittle or have low fracture toughness values. 
 
Itoh et al. (4) produced B6O composites in the B6O-xB4C (x = 0-40 vol. %) system 
under high pressure high temperature conditions (3-5 GPa, 1500-1800oC) from the 
mixture of in-laboratory synthesised B6O powder and commercially available B4C 
powder. Relationship among the formed phases, microstructures and mechanical 
properties of the sintered composites was investigated as a function of sintering 
conditions and added B4C content. It was found that neither solid solutions nor new 
compound was formed under the sintering conditions and that the sintered composite 
consists of the mixed phases of B6O and B4C. Under these sintered conditions, strong 
interparticle bonding between B6O and B4C increased the hardness and toughness of 
the sintered composites. A maximum microhardness of ~46 GPa (200g load) was 
reported from B6O-30 vol. % B4C powder under sintering conditions of 4 GPa, 
1700oC and 20 minutes. Fracture toughness was less than 1 MPam1/2. 
 
Itoh et al. (14) later investigated high-pressure sintering behaviour in the B6O-cBN 
system using in-laboratory synthesised B6O and commercially available cBN 
powders. The phase relation, microstructure and mechanical properties of the 
composites were examined by varying the added cBN amount and its average grain 
size as well as the sintering conditions. No reaction occurred between the two 
components under high pressure (4-6 GPa) and high temperature (1500-1800oC) 
conditions. Well dispersed B6O-x(cBN) sintered composites of almost full density 
were prepared in the range of x = 0-50 vol.% by sintering at 6 GPa and 1800oC for 20 
minutes. A maximum Vickers microhardness of 46 GPa (200g load) was attained by 
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adding 40 vol. % cBN with an average grain size of 0.5 µm. A maximum fracture 
toughness of about 1.8 MPam1/2 (using Niihara’s equation) was obtained at 60 vol. % 
cBN addition. It is believed that crack deflections along the B6O-cBN grain boundary 
contributed to the increase in fracture toughness. 
 
Sasai et al. (7) prepared sintered composites in the B6O-xdiamond (x = 0-80 vol.%) 
system under high pressure and high temperature conditions (3-5 GPa, 1400-1800oC) 
from a mixture of in-laboratory synthesised B6O powder and commercially available 
diamond powder with various grain sizes for 20 minutes. The phases formed, 
microstructures and mechanical properties of the sintered composites were 
investigated on varying the added diamond content and sintering conditions. It was 
concluded that neither solid solution nor new chemical compounds were formed 
under the sintering conditions. Sintered composites of full density consisted of mixed 
phases of B6O and diamond. A maximum microhardness of 57 GPa (200g load) was 
measured in the B6O-60 vol. % diamond (grain size < 0.25 µm) sintered composite 
under the sintering conditions of 5 GPa, 1700oC and 20 minutes. The fracture 
toughness, however, was less than 1 MPam1/2 (measured using Niihara’s equation). 
 
Recently, Shabalala (16) produced B6O composites using Al-B-O and C containing 
compounds at low-pressure high-temperature (hot pressing) conditions (1600-
1900oC, 50 MPa, 20 minutes). The composite powders were prepared by mixing in-
laboratory synthesised B6O powder with commercially available Al2O3, and by 
coating it with Al2O3 using a Chemical Vapour Deposition (CVD) process. 
Relationship among the formed phases, microstructures, and mechanical properties of 
the sintered composites were investigated. Measured densities were higher than 97% 
theoretical density. Al2O3 addition via mixing and CVD produced B6O composites 
with better mechanical properties, especially fracture toughness. Increasing the 
amount of Al (or Al2O3) slightly reduces the hardness but significantly increases the 
fracture toughness of the B6O composites. The sample with the lowest amount of Al 
(2.2 wt% Al) had Vickers hardness of 31.1 GPa (500g load) and fracture toughness of 
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3.1 MPam1/2. The increase in fracture toughness was attributed to the formation of 
alumina borate, Al18B4O33, as a secondary phase at grain boundary interfaces. In 
addition, the residual stresses produced by the mismatch in thermal expansion 
coefficients between B6O and Al18B4O33 improved the fracture toughness. 
Composites produced from the addition of C had decreased Vickers hardness in the 
range of 22.8 - 25.9 GPa (500g load) but increased fracture toughness in the range of 
5.25 - 5.48 MPam1/2. The increase in fracture toughness was attributed to the 
formation of B4C phase as well as some traces of Al18B4O33 from the starting B6O 
powders. Summary of B6O composite materials are given in table 2.8 
 
In conclusion, a careful selection of additives and/or binders in combination with 
controlled sintering conditions could result in a production of B6O composites having 
a unique combination of mechanical properties for industrial applications. 
 
Table 2.8: Summary of the mechanical properties of B6O composite materials. 
Composite materials Microhardness,  (GPa) 100g load 
Fracture 
toughness,  
KIC (MPam1/2) 
Elastic 
modulus 
(GPa) 
Reference 
B6O crystal 45 4.5 - (9)  
B6O sintered compact 31-38 <1.5 470 (2)(38)  
B6O-30 vol.%B4C  ~46 (200g load) Very low - (4)  
B6O-40 vol.% cBN ~46 (200g load) <1.8 - (14)  
B6O-60 vol.% 
diamond ~57 (200g load) <1 - (7)  
B6O infiltrated with 
Al 41 8.7 - (5)  
B6O coated with 
Al2O3 (Al = 2.2wt %) 31.1 (500g load) 3.1 514 (16)  
B6O-10 wt% C  22.8 (500g load) 5.5 - (16)  
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2.7 Potential industrial applications of boron suboxide-based materials  
Diamond, cBN and their sintered composites are widely used as superhard materials 
in industry for drilling, cutting, milling, and grinding. However, diamond has a major 
drawback in that it reacts with iron and cannot be used for machining ferrous alloys at 
high temperatures due to the onset of its transformation to the graphite structure (1). 
This prompted the synthesis of a second superhard material (cBN); its structure 
derived from that of diamond. cBN is half as hard as diamond, but does not react as 
strongly with iron and can be used for machining ferrous alloys. However, as 
temperature increase cBN weakens due to diffusion wear. Additionally the synthesis 
is more difficult.  
 
Boron suboxide-based materials produced and discussed in this chapter possess good 
physical and mechanical properties comparable to diamond and cBN. B6O has similar 
thermostability as cBN (9). The oxidation resistance of single phase B6O and B4C 
sintered compact has been compared and found that the oxidation resistance of B6O 
in air at high temperatures is far superior to that of B4C and comparable to cBN 
which have similar crystal structure and hardness to B6O (3)(9). The product of the 
oxidation (B2O3) during the initial stages serves as a protective layer and thus 
oxidises mildly until about 1000oC. For these reasons, B6O has an advantage over the 
use of diamond in certain applications. Boron suboxide therefore becomes a 
potentially good candidate for cutting tools and other industrial applications where 
abrasive wear resistance is essential (2)(5)(48)(54)(55)(57). The strong covalent bonds and 
short interatomic bond length contribute to the exceptional physical and chemical 
properties such as great hardness, low mass density, high thermal conductivity, high 
chemical inertness and excellent wear resistance (3)(6)(9)(13)(10)(17). B6O also has 
potential applications as semiconductors due to estimated band gap of 2 eV based on 
photoluminescence, theoretical calculations and consistency with red-orange colour 
(58)(59)
. Nevertheless, commercial applications have not yet been realised due to its 
low fracture toughness.  
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2.8 Improving fracture toughness of boron suboxide via sintering additives 
One feature of microstructure that has greatest influence on the mechanical properties 
of materials, especially fracture toughness, is the composition of the grain boundary 
phase. The other feature is the grain sizes of the phases in the sintered material. This 
is discussed in section 2.9.  
 
In ceramic materials, stress applied to a material does not result in limited plastic 
deformation and therefore stress relaxation does not occur by this mechanism. 
Instead, the stresses become concentrated at flaws/cracks in the material. The critical 
stress intensity factor (KIC) for a material is defined to be the stress intensity at a 
crack tip in the material required to cause further propagation of the crack. Fracture 
toughness therefore may be defined to be the resistance to fracture of a ceramic 
material. 
 
In some of the B6O sintered composites investigated and discussed in section 2.6, the 
sintering additives acted as liquid phase at sintering temperature which could have an 
added advantage of lowering the sintering temperature (5)(16). Furthermore, production 
cost could be reduced and lower densification temperature also means a lower rate of 
grain growth and hence finer microstructure could be obtained. Additionally, finer 
grain sizes result in a material with higher hardness, strength and wear resistance.  
 
The presence of secondary phases in the sintered compacts allows the activation of 
toughening mechanisms such as crack bridging and crack deflection. This is believed 
to occur because of mismatch in thermal expansion between the secondary phase and 
the B6O phases, which places the grain boundary under residual stress (16)(60). 
Interfacial debonding at the interface between the grain and grain boundary is a 
second mechanism for promoting intergranular fracture by weakening the grain 
boundary (61)(62). Both phenomena produce a path along the grain boundaries for the 
crack to propagate along. The resultant intergranular crack path results in more 
energy being expended than would be if the crack path were transgranular, since the 
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intergranular path is effectively longer than the transgranular path. Some of the 
individual toughening mechanisms in ceramic materials are highlighted below. 
However, more than one type of toughening mechanism can be active in the fracture 
of a particular specimen. 
 
2.8.1 Toughening by crack deflection 
Crack deflection can take place when there are local areas in a ceramic that have 
lower resistance to crack propagation than an average plane cutting through at right 
angles to the tensile stress. Additionally, crack deflection can occur in a bimodal 
microstructure containing weaker secondary phases at the grain boundaries, which 
typically require about half the fracture surface energy of a single crystal (56). A crack 
advancing through a polycrystalline ceramic thus attempts to follow a path along the 
grain boundaries. This leads to staggered crack paths which subsequently lead to 
greater energy loss per unit length of a straight line running perpendicular to the 
applied stress. Thus, the energy required to propagate a crack over a given range will 
be much higher and therefore the material is said to be tough. Crack deflection can 
also cause partial bridging by grains or second-phase particles. Cracks deflected or 
pinned are caused by stress fields associated with thermal expansion mismatch 
between the second-phase particles and the matrix or by existence of weakened 
interfaces (63)(64). The sign of the residual stress determines the direction of deflection. 
Specifically, a secondary phase particle that is embedded in a matrix with a lower 
thermal expansion coefficient than the matrix will lead to the generation of tangential 
tensile stress after cooling the material from the processing temperature causing the 
crack to deflect toward the particle. Alternatively, a second phase with a greater 
thermal expansion coefficient than the matrix induces a tangential compressive stress 
near the particle/matrix interface and diverts the crack around the particle (63)(65). 
These stresses are caused by the greater degree of thermal contraction/expansion of 
the particle with respect to the thermal expansion/contraction of the matrix. However, 
toughness measurements suggest that the sign and magnitude of the residual stress 
have no significant influence on the magnitude of crack interaction toughening (66). 
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The generation of tangential tensile/compressive stresses in the matrix is 
accompanied by the generation of radial compressive/tensile stresses in the matrix.  
 
When a crack approaches, or intercepts a second phase particle, it will 
characteristically tilt (deflect) at an angle, θ, out of its original plane as shown 
schematically in figure 2.7a. The initial tilt angle depends upon the orientation and 
position of the particle with respect to the advancing crack and the sign of the residual 
stress developed between the particle and the matrix. Subsequent advance of the 
crack may result in crack front twist (Figure 2.7b), if for instance the orientations of 
adjacent particles require the crack to tilt in opposite directions. The increase in 
fracture toughness imparted by deflection of the crack is evaluated from the local 
stress intensities at the tilted and twisted portions of the crack front. Faber and Evans 
(63)
 found out that an increase in toughness by crack deflection only depends on 
particle shape and volume fraction of the secondary phase but not particle size. The 
most effective morphology for deflecting propagating cracks is the rod of high aspect 
ratio which can account for four fold increases in fracture toughness followed by disk 
and sphere. Toughness increases with increasing volume fraction of deflecting 
particles up to about 20 vol. % and increases very little with further increase in 
volume fraction. Crack deflection appears to be the dominant toughening mechanism 
in platelet-reinforced alumina (56). 
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Figure 2.7: Schematic diagrams of typical crack deflection. a) Tilt and b) twist of the crack front (63). 
 
 
 
2.8.2 Toughening by crack bowing  
Crack bowing is the development of a nonlinear crack front for a planar crack. This 
phenomenon is different from crack deflection, which is the development of out-of-
plane portions of the crack (56). Crack bowing originates from resistant second phase 
particles in the path of propagating crack. This toughening mechanism could be 
described as a crack advancing in a plane, but pinned by barriers with an average 
spacing of d and bowing out between the pinning points under the action of a stress. 
Crack bowing and crack deflection processes (both of which are insensitive to 
particle size) occur simultaneously (63). 
 
2.8.3 Toughening by crack bridging  
Crack bridging is a toughening mechanism which develops behind an advancing 
crack. Crack bridging is the process of physical contact formation between the mating 
crack surfaces, through fibres, whiskers, platelets, inclusions and surface asperities, 
which interlock the mating crack surfaces (67). Crack bridging enhances crack energy 
dissipation due to the presence of ligamentary bridges that span from one crack face 
to the other. On one hand, the dissipation of energy could be due to the frictional 
a b 
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sliding of the ligaments against the matrix material which generates heat. On the 
other hand, energy dissipation can occur when the ligamentary grain material has 
different elastic and yield strength properties to the surrounding matrix (56). 
Contributions to the toughness caused by reinforcing elements that bridge between 
crack surfaces are separated into two parts: ductile and brittle. The former refers to 
metal-toughened ceramics (cermets) and relies on high toughness and ductility to 
permit metal ligaments to exist and to contribute to toughness through plastic 
dissipation. When the bridging material is brittle such that its toughness is similar to 
that of the matrix, the occurrence of bridging is more subtle and requires either 
microstructural residual stresses or weak interfaces or both (68).  
 
2.8.4 Transformation toughening  
The stress-induced transformations that can cause significant toughening include 
martensitic and ferroelastic transformation as well as twinning. This type of 
toughening mechanism is mostly seen in ceramics containing zirconia in metastable 
form. It is found that the stresses around a crack tip cause transformation of a volume 
fraction of tetragonal zirconia particles to monoclinic form out to a distance from the 
crack tip dependent on the applied stress and a critical value required for the 
transformation (56). 
 
2.8.5 Toughening by microcrack 
Microcracks occur within regions of local residual stress caused by thermal expansion 
mismatch and/or transformation. In case of residual tensile stress, microcracks occur 
either within the second phase particle or at the interface, whereas microcracks 
develop within the matrix in case of residual compressive stress in the particle. The 
microcracks also occur along the lowest fracture energy paths and locally relieve the 
residual tension. Consequently, a dilatation occurs governed by the volume displaced 
by the microcrack. A microcrack also reduces the elastic modulus of the microcrack 
process zone. When the microcracks are activated by the passage of macrocrack, 
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change in toughness occurs. These microcracks can act as crack arrestors or change 
the direction of a straight advancing crack (68)(69). However, this contribution is 
partially counteracted by a degradation of the material ahead of the microcrack. The 
basic material quantities that allow microcracking (residual stress and low fracture 
energy interfaces) also lead to grain bridging. 
 
 
2.9 Improving mechanical properties by reducing grain sizes in sintered 
materials 
One other feature of microstructure which has the greatest influence on the 
mechanical properties of materials is the grain sizes of the phases in the sintered 
material. For tooling systems, the most promising way to develop new tool materials 
with improved properties is to reduce the grain size in the sintered microstructures to 
nanoscale (8)(70-72). Advantages of reducing the grain size include reduction in 
sintering temperatures, improved properties (e.g. hardness, wear resistance and 
strength), and new possibility of designing new structures or composite materials. 
The unique properties of these materials are derived from their large number of grain 
boundaries compared to coarse-grained polycrystalline counterparts (73-75). The 
decrease in grain size strengthens metals as well as ceramics according to Hall-Petch 
law (8)(75). The relationship is described mathematically by Hall-Petch equation which 
is  
 
σy = σo + ky/√d        [2.4] 
 
where ky is a material constant, σo is a material constant for the starting stress for 
dislocation movement, d is the mean grain size and σy is the yield stress. However, 
the strength tends to tend to increase with decreasing grain size down to a critical 
value (20 nm). When the grain size is below 20 nm, strength appears to decrease with 
further grain refinement (75). 
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Different processing routes have been used to reduce powder sizes. These includes a 
wide range of vapour (physical and chemical vapour deposition), liquid (sol-gel and 
wet chemical), and solid state (mechanical milling and mechanochemical synthesis) 
processing routes (74)(75). However, mechanical milling and spray conversion are 
commonly used to produce large quantities of nanopowders (75). Depending on the 
process route taken, different internal structures are produced that affect the 
properties of the sintered compact. In this thesis, mechanical milling has been chosen 
for the production of B6O submicron particles. 
 
The comminution process of milling is widely used in ceramic processing to reduce 
the average particle size of a material, liberate impurities and reduce porosities of 
particles, modify the particle size distribution, disperse agglomerates and aggregates, 
reduce the maximum particle size, increase the content of colloids, and to modify the 
shape of particles (76). Common mills used for grinding ceramics materials are ball 
mills, vibratory mills, attrition mills, fluid energy mills and roller mills. In high 
attrition mill, which has been used for milling experiments in this project, small 
grinding media and granular material are intensely agitated. Contamination due to 
wear of the mill lining and media is considerable and is commonly eliminated by 
chemical leaching, sedimentation, or magnetic separation. Attrition grinding is used 
for producing submicron powders of hard refractory oxides, carbides, nitrides, titania 
pigments, and paper-grade kaolin. 
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2.10 Motivation for the research objectives and structure of the experimental 
work 
The objective of this research was to improve the overall mechanical properties, 
especially fracture toughness, of boron suboxide-based composites available up to 
date for industrial applications using hot pressing (HP) technique.  
 
2.10.1 Motivation for the research objectives 
As mentioned earlier in this chapter, the hardness of a single crystal boron suboxide 
(B6O) is 45 GPa which is comparable to that of cBN (45-50 GPa) (9). Additionally, 
the fracture toughness of B6O single crystal was found to be 4.5 MPam1/2, which is 
higher than that of cBN (2.8 MPam1/2), and also approaches that of single crystal 
diamond (5 MPam1/2). It has also been shown that boron suboxide has a better 
thermal stability compared to diamond and can be produced without the need for high 
pressures. Boron suboxide therefore becomes a potentially good candidate for cutting 
tools and other industrial applications where abrasive wear resistance is essential.  
 
In spite of the high fracture toughness (4.5 MPam1/2) for a single crystal B6O, the 
fracture toughness for polycrystalline B6O is less than 1.5 MPam1/2 which limits 
industrial applications. The Vickers microhardness values obtained for polycrystalline 
B6O through high-pressure high-temperature processes range from 31 to 38 GPa. The 
low fracture toughness obtained in the sintered compacts is not completely clear. 
Efforts have been made to increase the fracture toughness by forming B6O 
composites with other ultrahard materials such as diamond, boron carbide (B4C), and 
cBN (4)(7)(14). High hardness values were recorded for the composites (Hv0.2 ~ 46 GPa) 
but fracture toughness values did not exceed 1.8 MPam1/2. Recently, Shabalala (16) 
produced B6O composites with aluminium via hot pressing and obtained high fracture 
toughness (3.1 MPam1/2) with respectable hardness (Hv0.5 ~ 31.1 GPa). These results 
suggest that a careful selection of additives in combination with controlled sintering 
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conditions could result in a production of B6O composites having a unique 
combination of mechanical properties suitable for industrial applications. 
 
 
2.10.2 Structure of experimental work 
Based on the results of Shabalala (16) it was proposed that boron suboxide can be 
liquid phase sintered using oxide sintering additives. In liquid phase sintering, the 
sintering additive either melts or reacts with another sintering additive or the major 
component to form a liquid, usually eutectic. This means that in the case of ceramic 
systems, in which the eutectic liquid phase formation governs the effectiveness of the 
densification, phase diagrams are important in choosing the sintering additives, their 
composition and the sintering conditions (especially temperature) (77). In the light of 
this, an estimation of thermodynamic function of boron suboxide at high temperatures 
was developed. The developed data was entered into the FactSage™ 5.4.1 
thermodynamic software and used for the calculations of phase equilibria in different 
B6O-oxide/metal containing systems. The aim of these calculations was to determine 
possible candidates for the densification of boron suboxide materials. Details of the 
estimation and calculations can be found in Chapter 3. 
 
The objective of this project was to improve the overall mechanical properties of B6O 
composites and to investigate the relationship between the microstructure and the 
mechanical properties obtained via hot pressing. In achieving this objective, Chapter 
4 dealt with the milling and sintering of boron suboxide composites. The milling of 
boron suboxide powders was to drive the particle sizes down to the submicron range. 
Y2O3, Al2O3, and SiO2 were mainly used as the sintering additives. It was found that 
these oxides can form stable liquid and have quite high stability during sintering 
conditions. Additionally, Pd, TiB2 and TiC were also used. Admixed powders were 
hot pressed at high temperatures (≥1800oC) to obtained densed materials. 
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Characterisation of the hot pressed materials is dealt with in Chapter 5. The 
microstructure and phase composition of the hot pressed composites were 
characterised using scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and X-ray diffractometry (XRD). Densities of the samples were 
measured using Achemides principle to determine the extent of densification. Vickers 
hardness and indentation toughness were used to characterise the mechanical 
properties of the hot pressed materials. The cracks resulting from the indentation were 
studied using optical and scanning electron microscopes. In the discussion chapter 
(Chapter 6) relations between the powder, composition, densification and formed 
microstructures are explained. The conclusions made from this work and 
recommendations for future work are presented in Chapter 7. 
 
 
Chapter 3: Thermodynamic Properties of Boron Suboxide (B6O) 
~ 41 ~ 
 
3 Thermodynamic Properties of Boron Suboxide (B6O) 
 
3.1 Introduction 
Boron suboxide-based compounds are normally densified at high temperatures 
(≥1700oC) and/or high pressures.  B6O materials produced thus far had shown good 
hardness values but their fracture toughness values were less than 2 MPam1/2. 
Recently it was shown that the addition of Al or Al2O3 results in improved fracture 
toughness (3.1 MPam1/2) with only minor reduction in hardness (16). A detailed 
understanding of the processes which take place during hot pressing would be helpful 
in the search of new additives for B6O materials. A possible way for predicting the 
phase formation is the use of thermodynamic calculations. However, current 
knowledge on the thermodynamic properties of boron suboxide (B6O) is limited to 
temperatures up to 800K (78-80). The Gibbs energy of B6O as a function of 
temperature, composition and possibly pressure is the basis for such predictions. In 
this chapter the thermodynamic function of B6O at high temperature has been 
estimated and used for the calculation of phase equilibria in different B6O-
oxide/metal containing systems.  
 
3.2 Estimation of thermodynamic function of boron suboxide (B6O) 
All thermodynamic properties (volume, entropy, enthalpy, internal energy, heat 
capacity and chemical potential) are related to the Gibbs energy. However, it is useful 
to store and apply the data of a pure stoichiometric substance in the form of enthalpy 
of formation and entropy at standard conditions (T=298.15K and P=1bar) as well as 
temperature function of the heat capacity. The heat capacity is integrated over 
temperature to derive the temperature dependence of H and S as follows (81): 
 
∫+=
T
p dTTCHH
15.298
0 )(         [3.1] 
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dtTTCSS
T
p∫+=
15.298
0 )(        [3.2] 
 
Thus knowing H, S, pC , other thermodynamic data for B6O could be calculated. 
 
The entropy for B6O was determined as KmolJS //91.3915.298 =∆     [3.3] 
and   
1
6 32527)15.298,,( −±−=∆ KJmolKsOBH fθ  (78)    [3.4]  
 
The temperature dependence heat capacity was established for the temperature range 
298.15K – 800K as  
KmolJTTCp ./(102.2810263.1755936.54 252 −− ×−×+= ) (80)  [3.5]  
 
The enthalpy of formation quite agrees with other values for similar compounds such 
as B6Si, B6As, and B6P as shown in figure 3.1 (78). B6Si has similar structure, 
composition and chemical bonding as B6O and therefore would have similar entropy 
and Cp values. Thermodynamic data for B6Si were taken from FactSageTM databank 
(82)
. Since the Gibbs energy also depends upon ,, 15.29815.298 SH∆ and pC , the pC  
expression for B6Si has been used to assist in correcting pC  expression at higher 
temperatures. The pC mathematical model for B6Si for temperature range 298.15K – 
2000K is as follows: 
 
)./(5879400038501.0691.141)( 26 KmolJTTSiBCp −−+=∆ θ   [3.6] 
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Figure 3.1: The dependence of standard enthalpy of B6X compounds on the radius of the atom X 
introduced into the structure of α-rhombohedral boron (78). 
 
 
From equations [3.5] and [3.6], a graph of pC  versus temperature was plotted (see 
figure 3.2). The extrapolation of the pC  values of B6O to higher temperatures gives 
large differences between the two compounds. Usually the atomic heat capacities of 
all solid elements are in the range of 3R (= 24.9 J/K) where R is gas constant (rule of 
Dulong and Pettit). Additionally, the molar heat capacity of a solid chemical 
compound is approximately equal to the sum of the molar heat capacities of its 
constituent chemical elements (81). While this is true for many elements around room 
temperature, (normally at 1- 2 times Θ/T; where Θ is Debye temperature which is 
materials dependent constant) the actual values approach 0 at 0 K and can exceed 3R 
at elevated temperatures if the elements melt or evaporate (81). Using this rule the heat 
capacity of B6Si can be estimated as 207.2 J/K compared to 217.223 J/K or 204.716 
J/K found in literature (82) at 2000K. It follows that the maximum heat capacity of 
B6O should be equal to the heat capacity of six boron atoms plus one oxygen atom. 
That is, it has to be in the same region as B6Si. Therefore 213 J/K mol was chosen as 
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the value at 2000K and a linear pC  function, above the measured range (781 K), was 
introduced to correct the deviation between the heat capacities of B6O and B6Si in the 
temperature range of 800K to 2300K (see figure 3.2).  
 
50
100
150
200
250
300
350
400
450
500
200 700 1200 1700 2200
Cp
(J/
K)
Temp (K)
Cp(B6O)
Cp(Correction)
Cp(B6Si)
 
Figure 3.2: Graph of temperature versus heat capacity for B6Si, B6O (extrapolated experimental 
values) and B6O after correction (the data of B6Si taken from (82)). The data of B6O were measured in 
the range 298.15K to 800K (80). 
 
 
The used pC  function therefore was:  
252 102.2810263.1755936.54 −− ×−×+= TTCp , J/mol.K      [3.7] 
for T < 800K (79) and 
 
54.166023.0 += TC p , J/mol.K (determined by approximation in this work) [3.8] 
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Therefore, 
∫∫ +=
2300
800
800
15.298
)( dTCdTCC ppcorrectionp            [3.9] 
 
)023.054.166()102.2810263.1755936.54( 252)( TTTC correctionp ++×−×+= −− [3.10] 
 
Using the pC  values of B6Si instead of the approximated B6O, the ∆G of B6O would 
be somewhat lower. E.g. at 2000K it would be -920.48 kJ/mol in comparison to  
-914.391 kJ/mol for the used dataset. This difference corresponds to an error of less 
than 1%. This difference can be viewed as the uncertainty of the determined values, 
even for B6Si. The data do not take into account the fact that B6O is normally non-
stoichiometric (6). However, no data concerning the dependence of thermodynamic 
data on the oxygen content in B6O are known. Therefore in all calculations we 
assume the ideal composition of B6O.  
 
The thermodynamic data ( 15.29815.298 ,SH∆ and )(correctionpC ) obtained were used to 
calculate the needed phase equilibria using FactSageTM 5.4.1.  
 
 
3.3 Phase equilibra calculations 
Thermodynamic calculations at all times give results that help to offer means of 
systematising and modelling the behaviour of interacting phases, allowing the phase 
relations existing in multiphase systems to be described. A combined approach using 
thermodynamic calculations coupled with experimental measurement is frequently 
highly effective. In this section, thermodynamic calculations of the phase 
composition of B6O/C/B4C, B6O/Ti/TiC, B6O/Al/Al2O3 and B6O/Al2O3/Y2O3/SiO2 - 
composite materials have been described. The results have been used in explaining 
the sintering behaviour of B6O composite materials.  
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The determination of the content of B2O3 on the surface of the B6O powder is 
difficult, because oxygen analysis of the materials does not give conclusive results 
due to the non-stoichiometry of the B6O. The washing of the powder in warm 
alcohol/water reduces but does not remove the B2O3 surface layer completely. The 
calculations were carried out between 1200 to 2000°C using the starting composition 
of the materials assuming 1 wt% B2O3 in the material. In some cases the amount of 
B2O3 was increased or decreased to test how stable the solutions are. Additionally, 
0.1 wt% Argon was used except when the overall pressure was increased to 10 
atmospheres to test the stability of the formed phases. The calculation was done by 
minimisation of the Gibbs Energy of the system using the EQUILIB module of the 
program FactSage 5.5.   
 
3.3.1  B6O-C-B4C Systems 
The thermodynamic calculations involving B6O and C showed that at low 
temperatures (<1500oC), carbon is in equilibrium with B6O and reacts with B2O3 
forming B6O:  
 
9 C(s) + 3 B2O3(l) = B6O(s) + 9 CO(g)     [3.11] 
 
This reaction strongly depends on the CO - partial pressure and therefore the stability 
of the liquid B2O3 during sintering strongly depends on transport of CO. Figure 3.3 
shows the phase composition of the solid and gas phase for B6O/C system. At 
1544°C, the CO partial pressure reaches 1 atmosphere resulting in strong reduction of 
B2O3 in the system with a fixed pressure of 1 atm. 
 
Carbon can react also with B6O as follows: 
 
2 B6O(s) + 5 C(s) = 3 B4C(s) + 2 CO(g)     [3.12] 
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The formed CO partial pressure is lower than the equilibrium pressure of reaction 
[3.11] (see figure 3.4a). Therefore the reaction takes place only after decomposition 
of B2O3.  
 
At 1616oC, the CO partial pressure of reaction [3.12] reaches 1 atmosphere and 
carbon strongly reduces B6O forming B4C and CO. The added carbon therefore 
reduces on the one hand B2O3 and evaporates as CO and, on the other hand forms 
B4C. The CO partial pressures of the two reactions as a function of temperature are 
shown in figure 3.4a. The areas of the stability of the different phases are shown, 
which are separated by the lines. Even if the thermodynamic calculations suggest that 
B4C would be decomposed at low temperatures (see figures 3.4a and 3.4b), this 
would be unlikely to happen during cooling or heating due to kinetic reasons. 
Therefore the use of B4C in B6O/B4C composites will result in more reproducible 
results of sintering due to reduced interaction. This means that regardless of the 
starting composition, B6O and B4C phases would be present at the sintering 
temperature (1900oC). However, when the overall pressure in the system is increased, 
for instance, to 10 atmospheres, C could be stable up to about 1875oC and B4C forms 
at about 1880oC (see figure 3.5).  
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Figure 3.3: Composition of the gas (a) and solid/liquid (b) phases for B6O-5wt%C system. 
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Figure 3.4: (a) Partial pressure of CO for the two solid systems, B6O/B2O3/C and B6O/B4C/C. (b) 
Composition of the solid phase for B6O-5wt%B4C system. 
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Figure 3.5: Composition of the solid/liquid phases for B6O-5wt%C system at 10 atms. 
 
 
3.3.2 B6O-Ti-TiC-TiB2 Systems 
The thermodynamic calculations involving B6O and Ti showed that TiB2 is in 
equilibrium with B6O together with liquid phases constituting TiO2, Ti2O3, and B2O3 
(see figure 3.6b). Removing B2O3 from the starting composition gives similar results 
indicating that the presence/absence of B2O3 in the system will not affect the resulting 
equilibrium compositions. Ti reacts with B6O forming TiB2 and B2O3 as follows:  
 
8 Ti(s) + 3 B6O(s) = 8 TiB2(s) + B2O3(l)     [3.13] 
 
The formation of B2O3 liquid is as a result of reaction [3.13] as well as B2O3 already 
present in the system. At about 1900oC, the partial pressure of (BO)2 and B2O3 is 
higher than the Ar pressure which is as a result of complete consumption of B2O3 
liquid which could be described by the reaction: 
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B6O(s) + 5B2O3(l) = 8(BO)2(g)      [3.14]  
 
B2O3(l) = B2O3(g)        [3.15] 
 
This means that Ti metal is not in equilibrium with B6O and B2O3 but rather reacts 
with B6O forming TiB2. Reactions [3.14] and [3.15] occur even in B6O-B2O3 system. 
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Figure 3.6: Composition of the gas (a) and solid/liquid (b) phases for B6O-5wt%Ti system. 
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With the introduction of TiC, the gas composition is similar to that of B6O-C-B4C 
system (compare figures 3.3a and 3.7a) with CO partial pressure much higher than 
Ar. At low temperatures, TiC is reduced to C, which is the case with B4C addition. 
The reaction could be described in two stages as follows: 
 
At low temperatures (<1500oC) 
 
TiC(s) + B6O(s) = TiB2(s) + C(s)       [3.16] 
TiC(s) + B6O(s) = B2O3(l) + CO(g)      [3.17] 
 
Above 1500oC, the CO partial pressure becomes much higher than the Ar pressure. 
Carbon decomposes to form B4C; behaviour similar to B4C and C addition. The 
reaction could be described as follows: 
 
7 C(s) + 2 B2O3(l) = B4C(s) + 6 CO(g)     [3.18] 
 
In the absence of B2O3, similar results are obtained showing that B2O3 has no effect 
on the phases present within this temperature range. This means that at lower 
temperatures, B2O3 will be decomposed by C (reaction [3.18]) coming from the 
decomposition of TiC (reaction [3.17]). Reaction [3.18] will depend on the CO partial 
pressure. Additionally, B2O3 liquid decomposes into gaseous phase increasing the 
partial pressures of (BO)2 and B2O3.  
 
Therefore for higher amounts of TiC, a stronger decomposition takes place which 
results in reduced densification. Similar reasoning could be said for Ti addition as 
discussed earlier in this section. Therefore the addition of TiC and Ti is only 
recommended in small amounts less than 5 wt%. 
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Figure 3.7: Composition of the gas (a) and solid/liquid (b) phases for B6O-5wt%TiC system. 
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3.3.3 B6O-Al-Al2O3 System 
The results of the thermodynamic calculations for B6O-Al2O3 system indicate an 
oxide liquid containing Al2O3 and B2O3 in equilibrium with B6O and Al18B4O33 
(Figure 3.8). The existing B2O3 on the surface of the starting powder and the Al2O3 
added formed aluminium borates, and at high temperatures an oxide liquid. The 
amount of Al2O3 and B2O3 in the starting composition will strongly change the 
amount of liquid phase existing during sintering and hence affect the extent of 
densification during sintering. This liquid could recrystallise to form Al2O3-B2O3 
compounds during cooling. The type of aluminium borate formed would depend on 
the ratio of Al2O3 to B2O3 in the liquid. According to the phase diagram (Figure 3.9), 
a liquid phase is formed at 1200oC if the Al2O3/B2O3 mol ratio is between 9:2 and 
2:1. All secondary phases are dissolved in the liquid at the incongruent melting point 
of Al18B4O33.  
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Figure 3.8: Composition of the gas (a) and solid/liquid (b) phases for B6O-5wt%Al2O3 system. (c) 
Composition of the gas phases for B6O-1wt%B2O3 system. 
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Figure 3.9: Calculated phase diagram of Al2O3 – B2O3 system. This diagram completely agrees with 
the diagram given in literature (83). 
 
 
Comparing the gas compositions of figures 3.8a and 3.8c, it can be concluded that the 
addition of Al2O3 lowers the partial pressure of boron containing compounds by a 
factor of 2 at 1900oC. This helps to stabilise the liquid phase during sintering. Thus 
the addition of Al2O3 reduces the activity of B2O3 in the oxide melt and therefore the 
partial pressures. In figure 3.8c, (BO)2 and B2O3 have the highest partial pressures. 
The first is formed due to the interaction between B6O and B2O3. The second is 
caused by the evaporation of B2O3 itself. 
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For B6O-Al system, the thermodynamic calculations show the formation of Al2O3 and 
AlB12 in equilibrium with B6O (Figure 3.10). The Al reacts with B6O forming Al2O3 
and AlB12 according to the reactions: 
 
3 B6O + 2x Al = x Al2O3 + 3 B6O(1-x)      [3.19] 
2 B6O + Al = AlB12 + Al2O3       [3.20] 
 
Thus Al reacts with B6O reducing the oxygen content in the B6O due to the existence 
of the non-stoichiometry of B6O. Additionally, even in the absence of B2O3 in the 
starting composition, these phases are observed at equilibrium. In the presence of 
B2O3, the Al2O3 formed in equation [3.19] could react with B2O3 forming aluminium 
borates. Thus the addition of Al reduces at least partially the amount of B2O3 in the 
system. 
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Figure 3.10: Composition of the gas (a) and solid (b) phases for B6O-5wt%Al system. 
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3.3.4 B6O-Al2O3-Y2O3-SiO2 system 
The results of the thermodynamic calculations for B6O-Al2O3-Y2O3 system indicate 
the formation of B2O3 oxide liquid which is in equilibrium with B6O, Al18B4O33 and 
Y3Al5O12 (Figure 3.11). It must be mentioned here that calculations carried out in this 
system are first estimation due to the fact that no data concerning the solubility of 
Y2O3 in B2O3/Al2O3 melt exist. Therefore the calculated existence of B2O3 oxide 
liquid in reality means a B2O3-containing melt.  
 
For 62 mol % Al2O3 (YAG composition), Al18B4O33 disappears at about 1800oC 
increasing the partial pressure of the gas phase and only appears again after about 
1950oC. Additionally, the B2O3 liquid is stable until about 1940oC where it disappears 
into gaseous phase. On the other hand, for Al2O3 mol % of 80 (also YAG 
composition) Al18B4O33 is stable even up to 2000oC. B2O3 in this case is stable up to 
about 1900oC and disappears into gaseous phase increasing the partial pressures of 
the B-O composition. This means that for higher Al2O3 content, there is enough 
Al2O3 to react with B2O3 present at the starting composition to form a stable 
Al18B4O33 according to figure 3.11. If the sintering temperature, for instance, is 
1900oC, the liquid B2O3 will recrystallise to form boron-rich compounds during 
cooling. The amount of the liquid phase present will affect the densification of the 
sintered materials. 
 
With the introduction of SiO2 into the system (i.e. B6O-Al2O3-Y2O3-SiO2 system) 
aluminium borate does not form. Instead yttrium silicates will be in equilibrium with 
B6O and Y3Al5O12 (Figure 3.12) 
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Figure 3.11: Composition of the solid/liquid phases for B6O-62mol%Al2O3-38mol%Y2O3 system (a) 
and B6O-80mol%Al2O3-20mol%Y2O3 system (b). 
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Figure 3.12: Composition of the solid/liquid phases for B6O-2wt%Al2O3-2.65wt%Y2O3-1wt%SiO2 
system. 
 
 
3.4 Conclusions 
Thermodynamic properties of B6O have been estimated up to 2300K. The data has 
allowed the prediction of the stability of the liquid and crystalline phases in B6O 
composites. Therefore this can form the basis for the search of new sintering 
additives that would allow the sintering of B6O composites at lower temperatures. 
 
From the above thermodynamic calculations, it has been shown that B6O can be 
liquid phase sintered using a wide range of oxide additives. In liquid phase sintering, 
the sintering additive melts or reacts with another sintering additive or the major 
component to form a liquid. From the above thermodynamic calculations, Al2O3 and 
Y2O3 were selected as the main sintering additives to be used in this research with the 
introduction of SiO2 to test the effect it will have on densification process.  
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4 Experimental Procedure 
 
4.1 Introduction 
This chapter describes the materials, methodology, equipments, and relevant 
formulae used in this project. Results obtained from the experimental work are 
presented in Chapter 5. 
 
4.2 Materials and chemicals 
Amorphous boron (supplied by H.C. Starck, Germany) and boric acid (Saarchem) 
powders were used as the starting materials for the synthesis of boron suboxide. 
Additionally, boron suboxide (B6O) powder produced at IKTS – Dresden was used 
for the major part of the hot pressing investigations carried out in this project. Al2O3, 
Y2O3, SiO2, TiC, and TiB2 powders were used as sintering additives. The 
compositions of these additives are described in detail in section 4.4. PdCl2 was 
reduced to Pd and also used as sintering additive. A summary of all the materials and 
chemicals used are tabulated in table 4.1. 
 
4.3 Synthesis and milling of boron suboxide (B6O) powder 
4.3.1 Synthesis of boron suboxide (B6O) powder 
Amorphous boron (B) and boric acid (H3BO3) powders were dry mixed in a turbular 
mixer (WAB T2C) for 3 hours using molar ratio B:H3BO3 = 8:1.03. This molar ratio 
included 3% excess of H3BO3 in comparison to the stoichiometric equation [4.1] 
which accounts for the evaporation of B2O3 that occur during synthesis: 
 
OHOBBOHB 2633 33216 +=+       [4.1] 
 
Alumina balls with diameter of 12 mm were used as milling media during mixing. 
The turbular mixer was stopped after every 40 minutes and the sample container 
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manually stirred to remove powders that were stacked on the walls of the plastic 
container.  
 
Table 4.1: Materials and chemicals used in this project. 
Material/Chemical Particle size, d50 (µm) Purity (%) Supplier 
B 0.8 90 H.C. Starck 
H3BO3 - 99 Saarchem 
B6O 100 - IKTS-Dresden 
α-Al2O3 (AKP 50) 0.15 99.9 Sumitomo 
Y2O3 0.2 - H.C. Starck 
SiO2 40 - Heraeus 
TiC 2 99.5 Johnson Matthey 
TiB2 2.5 - H.C. Starck 
PdCl2 - 99.9 Sigma-Aldrich 
h-BN rods - - GE Advanced Ceramics 
Propan-1-ol - 99.7 Saarchem 
Sodium 
hexametaphosphate 
- - Saarchem 
Methanol - 99 Saarchem 
Ethanol - 99 Saarchem 
HCl - - Saarchem 
Diamond spray 1 - Struers 
Diamond extender - - Struers 
Distilled water - - - 
Argon  - UHP Afrox 
 
 
The mixture was loaded in an alumina boat and placed in the centre of α-Al2O3 tube 
(hot zone area) which has been inserted into a furnace (TSH 17/75/150 Elite Thermal 
Systems). The furnace has capabilities of running to a maximum temperature of 
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1700oC with eurotherm microprocessor that controlled the temperature profile. The 
furnace temperature was measured by a standard Pt-Rh thermocouple which was 
connected to the microprocessor.  
 
The powder was heat treated in ultra high purity argon stream from room temperature 
to 300oC at 5oC/min and dwelled at this temperature for 30 minutes to allow the 
transformation from boric acid (H3BO3) to boron oxide (B2O3). The furnace was then 
heated at the same rate up to 1380oC and dwelled at this temperature for 6 hours to 
give it enough time for the reaction between boron oxide and boron to form boron 
suboxide. It was cooled afterwards at 5oC/min to room temperature. The boron 
suboxide powder produced via this method was washed in alcohol and dried in a 
rotary evaporator. The heating cycle is shown in figure 4.1. The synthesised powder 
was characterised using X-ray diffractometry, scanning electron microscopy and 
particle sizing techniques. Part of the B6O powder produced was coated with 
palladium and hot pressed as described in section 4.5. Additionally, pure B6O was 
sintered and the properties measured and compared with the coated powder.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Temperature profile for B6O synthesis. RT = room temperature. 
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4.3.2 Milling of boron suboxide (B6O) powder 
The purpose for milling B6O powder was to drive the particle size down to the 
submicron size range. This could have an added advantage of improving the 
mechanical properties of B6O sintered composites compared to their microcrystalline 
counterparts due to the small size of the grains and large fraction of the atoms located 
at the grain boundaries.  
 
Synthesised boron suboxide powder with average agglomerate particle size of 100 
µm (supplied by IKTS - Dresden) was charged into a stainless steel attrition mill (S/N 
200603, Szegvari Attritor System having 750 ml capacity). Steel balls of 2.5 mm and 
1 mm diameter were used. The ratio by weight of charge to ball was kept at 1:10. Mill 
speed was kept constant at 200 rpm at room temperature, except when 1 mm diameter 
steel balls were used; in this case the speed was increased to 300 rpm. Figure 4.2 
shows schematic diagram of an attrition mill.  
 
Propan-1-ol was used as the grinding media. Weight of the balls was measured before 
and after milling to determine weight loss during milling. The attrition mill was 
stopped at selected milling times of 5, 20, 30, and 50 hours using 2.5 mm balls. 
Additionally, 30-hour milled powder was further milled for 5 hours using 1 mm 
diameter steel balls to investigate the effect of ball size on milling. After every 
requisite time interval, required amounts of powders were withdrawn for washing and 
particle sizing, taking due care to avoid sampling errors. This was carried out to 
understand the milling kinetics. The samples were further characterised using X-ray 
diffractometry and scanning electron microscopy techniques.  
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Figure 4.2: Schematic diagram of an attrition mill. 
 
 
4.3.3 Washing of boron suboxide (B6O) powder 
After establishing the optimum milling conditions (that is 30 hours milling using 
2.5mm diameter balls in propan-1-ol), two batches of B6O were milled for the hot 
pressing experiments. In order to recover pure B6O powder for further processing, 
contaminants (mainly Fe and Cr) introduced during milling were minimised by 
washing the milled B6O powders in 1 M HCl followed by washing in ethanol and 
warm methanol to remove any B2O3 remaining in the powder. For every 100g of 
milled powder, 2.5 litres of 1 M HCl was used for the washing. HCl solution was 
changed after every 24 hours. The HCl solution was changed five times for the first 
batch of milled powder (denoted by ‘a’ in the naming of the hot pressed materials) 
and 10 times for the second batch of milled powder (denoted by ‘b’ in the naming of 
the hot pressed materials). In both cases, the washing did not remove the impurities 
completely. Nevertheless, the levels of impurities were strongly reduced by 
increasing the time of washing for the second batch of milled powder. After the 
washing, B6O powders were dried in a rotary evaporator and kept in desiccators for 
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further processing. XRD and SEM analyses were carried out on milled powders 
before and after washing in HCl to determine the phases and amount of Fe and Cr in 
powders. Additionally, washed and dried B6O powder samples were taken for ICP-
OES analysis to determine the level of impurities left in the powders.  
 
4.3.4 Chemical analysis of milled boron suboxide (B6O) powder 
An inductively coupled plasma optical emission spectrometer, ICP-OES (SPECTRO 
CIRUS CCD), was used to determine the level of concentrations of Fe and Cr in the 
washed powders. Samples (0.1g) were digested in a solution containing 3 ml 
HNO3 (55%), 2 ml HCl (32%) and 3 ml HF (40%) by microwave digestion technique 
(Multiwave 3000 SOLV). Digestion was done at 260oC for 30 minutes. The 
following analytical wavelengths were chosen (nm): 259.941 Fe and 267.716 Cr. 
These wavelengths showed a good linear response between concentration and 
intensity and were free from interferences in the range of concentrations used in the 
present study.  
 
4.4 Admixing boron suboxide (B6O) powder with additives 
To improve the mechanical properties, especially fracture toughness of the ‘pure’ 
polycrystalline B6O hot pressed compacts, different sintering additives were used. 
These additives were expected to reduce and/or replace the existing B2O3 on the 
surfaces of B6O particles by reacting with it to form oxide/boride phases. Three 
compositions (indicated by arrows in figure 4.3) with different amount of Al2O3 and 
Y2O3 (based on the Al2O3-Y2O3 phase diagram) were selected and mixed with B6O to 
produce the composites. To obtain B6O composites with various structures for 
studies, alumina – yttria mole ratio and sintering additive volume content were 
varied. The ratio of the different additives are summarised in table 4.2. These 
variables were chosen with the intention of obtaining separate structures and grain 
boundary chemistry which could assist in establishing the causes of the different 
properties obtained and consequently establish a relationship between structure and 
mechanical properties. The process variables were expected to produce materials with 
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varying amounts of phases at the grain boundaries. These differences in grain 
boundary composition were expected to affect properties of the materials. 
Additionally, SiO2 was added to Al2O3 and Al2O3-Y2O3 systems to understand the 
role SiO2 plays in the densification process and also its effect on the structure and 
properties of hot pressed composites. Al2O3, TiB2, Pd, and TiC were also used as 
sintering additives. Coating of B6O with Pd has been described in section 4.5. 
 
The mixing was carried out in methanol using 2 mm alumina balls for 2 hours in a 
planetary mill (Fritsch Pulverisette 6). The milling vessel used was alumina having 
250 ml capacity. The mill was operated at a speed of 200 rpm to minimise 
contaminations from the alumina balls. The mixed powders were dried using the 
rotary evaporator for hot pressing experiments. Admixed powders were characterised 
using X-ray diffractometry and scanning electron microscopy techniques. 
 
 
Table 4.2: Compositions of sintering additives used in this project. 
Al2O3  
(wt %) 
Y2O3  
(wt %) 
SiO2  
(wt %) 
TiB2  
(wt %) 
TiC  
(wt %) 
Al2O3/Y2O3  
molar ratio 
1.00 1.32 - - - 62/38 
2.00 2.65 - - - 62/38 
2.83 3.75 - - - 62/38 
2.87 1.58 - - - 80/20 
4.88 1.22 - - - 80/20 
1.48 3.26 - - - 50/50 
2.10 4.63 - - - 50/50 
2.00 2.65 1.00 - - 62/38 
2.70 3.57 1.35 - - 62/38 
2.54 1.40 1.27 - - 80/20 
3.43 1.89 1.72 - - 80/20 
2.00 - 1.00 - - - 
1.00 - - - - - 
2.00 - - - - - 
3.00 - - - - - 
- - - 5.00 - - 
- - - - 5.00 - 
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Figure 4.3: Phase diagram of Al2O3 -Y2O3 system (83). 
 
 
4.5 Coating of boron suboxide (B6O) with palladium 
Palladium chloride (PdCl2) was used as a source of Pd in coating the B6O powder. 
The intention was to form pure metal or palladium boride with B2O3 existing on the 
surfaces of B6O particles thereby forming a stronger grain boundary. PdCl2 (weight 
representing 5 vol. % Pd) was dissolved in 1 M HCl and B6O powder was added. B6O 
powder used in this investigation was the one produced at Wits University and 
discussed under section 4.3.1. The mixture was stirred and dried using rotary 
evaporator. The dried sample was put in an alumina boat and placed in a hot zone 
area of the tube furnace as described in section 4.3.1. The furnace was heated up to 
400oC and dwelled at this temperature for 60 minutes to remove any chlorine (Cl) left 
in the powder as a result of mixing in 1 M HCl. The furnace was cooled to room 
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temperature and the sample removed for characterisation. The temperature profile of 
the furnace is shown in figure 4.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Temperature profile used for coating B6O with Pd. RT = room temperature. 
 
 
 
 
4.6 Hot pressing of boron suboxide (B6O) based materials 
A uniaxial hot press (HP20-2560-FP20 Thermal Technology) was used for all the hot 
pressing experiments carried out in this research. The furnace, heated by graphite 
elements, has a maximum operating temperature of 2100oC and is water-cooled. The 
force is applied through graphite punches uniaxially from the bottom graphite punch. 
A schematic diagram of the die assembly is shown in figure 4.5. A rotary vacuum 
pump is attached to the hot press and is capable of vacuum levels of 10 mtorr.  
 
Before hot pressing, all graphite components in the hot-zone of the furnace were 
coated with h-BN suspension (37g of h-BN and 100 ml of water) which has been 
stabilised with poly-vinyl pyrolidone (2g). The suspension was stirred using magnetic 
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stirrer bar until the consistency of the entire suspension was uniform. The suspension 
was then used to coat the graphite components. The graphite components coated 
include punches and die insert. h-BN sample cells were used for all hot pressing 
experiments. The inner and outer diameter of the cell is 18 mm and 25.4 mm, 
respectively; the height is 18 mm. The furnace was evacuated to a pressure less than 
300 mtorr and then back filled with ultra high purity argon. Argon was allowed to 
flow through the furnace during the entire hot pressing process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: The schematic diagram of the uniaxial hot pressing die assembly. 
 
 
Hot pressing was carried out at high temperatures (≥1600oC) under a pressure of 50 
MPa for 20 minutes. For pure B6O, the applied pressure was increased gradually to 
30 MPa when the temperature reached 1700oC (200oC lower than hot pressing 
temperature) at a heating rate of 15oC/min. At this temperature (1700oC), it was 
Graphite die with insert
o.d. = 80.0 mm
i.d. = 26.1 mm
Sample
h-BN cell
B6O powder
Upper punch
Lower punch
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dwelled for 20 minutes after which the temperature was increased at a rate of 
10oC/min to 1900oC. Dwelling time at 1900oC is 20 minutes by which time the 
applied pressure is kept constant at 50 MPa. After the heat treatment the hot press 
was cooled at 20oC/min to room temperature. A similar hot pressing cycle was used 
for all other hot-pressed materials. A typical hot pressing cycle is shown in figure 4.6. 
The variables used in figure 4.6 have been defined in table 4.3.  
 
During cooling, furnace temperature lagged behind the programmed temperature at 
temperatures lower than 800oC. At about 600oC, the applied load was removed from 
the sample. The hot pressed samples were recovered from between the punches and 
the sample cells for analyses. The hot pressed samples were of 18 mm in diameter 
and 2 to 4 mm in thickness.  
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Figure 4.6: A typical hot pressing cycle used in this project. RT = room temperature (see table 4.3 for 
definition of variables). 
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Table 4.3: Hot pressing cycles for the various hot pressing experiments carried out in this research 
showing the definition of the variables used in figure 4.6. 
Applied Pressure 
(MPa) Hot pressing 
cycle 
Heating rate 
up to T1 
(oC/min) 
T1(oC), 
t1 (min.) 
Heating rate 
up to T2 
(oC/min.) 
T2(oC), 
t2 (min.) 
 t1  t2 
‘Pure’ B6O 15 1700, 20 10 1900, 20 30 50 
1400, 20 1600, 30 
Pd coated B6O 15 
1700, 20 
10 
1900, 30 
30 50 
15 1600, 20 10 30 Composite 
materials 20* 1400, 5* 20* 
1800, 20 
50* 
50 
*This hot pressing cycle was used for the second batch of milled B6O powder to reduce grain growth 
and to improve densification 
 
 
4.6.1 Heat treatment (annealing) of hot-pressed boron suboxide (B6O) composites 
Heat treatments of B6O composites namely 18B6O1Al1.32Yb, 18B6O2Al2.65Yb, 
18B6O2.87Al1.58Yb, and 18B6O2Al2.65Y1Sib were carried out to determine the 
thermal stability of the binder phases formed after hot pressing as well as possible 
phase transformation of the binder phases. Nomenclature of hot pressed materials is 
described in section 4.6.2. The heat treatment experiments were carried out in 
uniaxial hot press in argon atmosphere at 1250oC for 10 hours. The materials were 
covered with B6O powder and placed in hBN pots to minimised decomposition and 
contamination from furnace environment (graphite components). The materials were 
then characterised based on phase and microstructural transformations, density and 
weight loss.  
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4.6.2 Nomenclature of hot pressed materials 
B6O composite materials with different additives and additive contents have been hot 
pressed from two batches of milled B6O powders (B6O powder produced at IKTS) 
and from B6O powder produced at Wits. For easy referencing, materials hot pressed 
in this project have been named according to their hot pressing temperature, 
composition, batch of milled powder, and heat treatment condition. The first two 
numbers denote the temperature at which the material was hot pressed, except in 
cases where materials were hot pressed at 1750oC and 1850oC. In such cases three 
numbers have been used (i.e. 175 and 185 respectively). This is followed by the 
composition of the material. All additive contents are in weight % except for Pd 
where volume % was used. In case of the oxide additives, the oxygen part was not 
included in the naming. The composition has “a” (first batch of milled powder) or “b” 
(second batch of milled powder) attached to it indicating the type of B6O powder 
used to produce the hot pressed compact. Composite materials without these 
notations mean that it has been produced from B6O powder synthesised at Wits. 
Repeated runs are differentiated from first run by 1 or 2 at the end of the material 
name. For the materials that were heat treated, the abbreviation HT has been added at 
the end. Some examples of the method of naming all hot-pressed materials are given 
in table 4.4. Full list of all the hot-pressed materials and their properties have been 
given in Appendix B. 
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Table 4.4: Summary of material nomenclature and condition of preparation. 
Material Designate 
19B6Oa 
Pure B6O hot-pressed at 1900oC from first batch of milled B6O 
powder 
18B6O1Al1.32Yb 
B6O composite hot-pressed at 1800oC from second batch of 
milled B6O powder which contains 1wt%Al2O3 and 
1.32wt%Y2O3 
18B6O2Al2.65Yb-2 
B6O composite hot-pressed at 1800oC from second batch of 
milled B6O powder which contains 2wt.%Al2O3 and 
2.65wt%Y2O3. Repeated run. 
18B6O2Al2.65Yb-1HT 
B6O composite hot-pressed at 1800oC from second batch of 
milled B6O powder which contains 2wt%Al2O3 and 
2.65wt%Y2O3. First run and heat treated (annealed). 
18B6O2Al2.65YHTPb 
B6O composite hot-pressed at 1800oC from second batch of 
milled B6O powder and contains 2wt%Al2O3 and 2.65wt%Y2O3. 
Admixed powder was heat treated before hot pressing. 
19B6O5TiCa 
B6O composite hot-pressed at 1800oC from first batch of milled 
B6O powder which contains 5wt%TiC 
19B6O5Pd 
B6O composite hot-pressed at 1900oC and contains 5 vol. % 
Palladium metal. B6O powder produced at Wits was used. 
  
 
 
4.7 Characterisation techniques 
Before characterisation, all hot-pressed materials were ground on the surface to 
remove any h-BN material adhered unto the hot-pressed material. Densities of the 
materials were measured immediately after hot pressing. Materials were then cut into 
2 to 4 pieces using diamond saw for further analyses. Cross-sections of hot-pressed 
materials were carefully polished after hot mounting in bakelite powder followed by 
lapping on Struers 80, 120, 220, 600 and 1200 grit. Grinding was carried out to 
achieve a flat surface and to remove any scratches. Materials were then polished on a 
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Pan cloth to 1 µm surface finish using diamond spray and diamond extender to 
remove surface stress raisers and machining damage such as microcracks and to 
increase the reproducibility of data, especially, crack size. Samples were rinsed with 
ethanol and dried.  
 
4.7.1 Particle sizing  
The size and size distributions of milled boron suboxide particles as well as other 
powders were determined using Malvern Mastersizer® (Hydro2000MU accessory). 
This equipment measures the equivalent mean volume of particles and is based on the 
principle of laser diffraction. The intensity and angle of diffraction of a 
monochromatic laser beam as it interacts with the particle in a dispersion medium is 
related to the particle size. In order to obtain average particle size with narrow 
particle size distribution, tests were conducted using sodium hexametaphosphate 
(NHMP) as a dispersant. For the best results of highest absolute value of zetapotential 
(see figure 4.7), B6O powders were dispersed in 0.05% NHMP solution using 
external ultrasound for 1 minute. The background measurement was done using 
NHMP solution with the same concentration (0.05%) exercising extreme care in 
order to achieve a clean background. About 10 mg of powder was prepared and put in 
1L beaker containing about 800 ml of solution for the size distribution tests. 
Obscuration was less than 16%. Particles added to the NHMP solution in the beaker 
were homogenised using a stirrer at a pump speed of 2000 rpm. The ultrasonic was 
adjusted to 75% of its maximum. As the particle sizes were reduced to submicron 
range, characteristic data of particle as well as dispersant were necessary for 
analysing the raw data. A refractive index of 3.88 and an absorption value of 1 were 
used to determine the size distribution of the milled powder. The refractive index for 
B6O is not known precisely and was proposed based on measurement at IKTS. 
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Figure 4.7: Zetapotential versus sodium hexametaphosphate (NHMP) solution (an experiment 
conducted in the IKTS Dresden, Germany). 
 
4.7.2 X-ray diffraction (XRD) 
A Philips (PW1710) X-ray diffractometer fitted with monochromatic Cu Kα radiation 
set at 40 kV and 20 mA was used to determine the phase composition of powders and 
hot-pressed materials. Scan width (2θ) was between 10o and 80o with a step size of 
0.02. Phase identification was done using Philips Analytical X’Pert HighScore® 
software with an in-built International Centre for Diffraction Data (ICSD) database. 
B6O and other peaks were identified by comparing the acquired d-values to the values 
obtained from the database as well as from previous investigation.  
 
4.7.3 Scanning electron microscopy (SEM) and optical microscopy 
The microstructures, composition, and morphology of powders and hot-pressed 
materials were analysed by means of scanning electron microscopy (SEM) and 
optical microscopy (Olympus BX41M). A Philips scanning electron microscope 
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(ESEM XL30) equipped with energy dispersive X-ray spectrometer (EDX) was used 
to analyse the various elemental composition found in the materials.   
 
4.7.4 Transmission electron microscopy (TEM) 
A Phillips CM20 transmission electron microscope (TEM) equipped with EDX was 
used to analyse the various elemental composition found in the materials. 
 
4.7.5 Density measurements 
Densities of hot-pressed materials were measured right after hot pressing using 
Archimedes principle. Materials with thickness ranging from 2 to 4 mm were 
immersed in distilled water and boiled for 5 hours in order to remove air from the 
pores in the materials. The boiled water containing the material was then allowed to 
cool to room temperature. The following formulae were used to calculate the 
densities and the open porosities. 
 
 
Material dry weight = d  
Volume of material = V  
Soaked weight after boiling in distilled water = we  
Suspended weight in distilled water = w  
Density of distilled water = 1 g/cm3 
 
Bulk density, )/(/
2
wwedVd OH −== ρρ              [4.2] 
Open porosity, )/()(%100./)(
2
wwedweVwweP OHo −−×=−= ρ           [4.3] 
 
Each mass was determined five times and the mean values used to calculate the 
density and open porosity of the materials. 
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Theoretical densities of the hot pressed materials were calculated based on the rule of 
mixtures according to the following formula: 
 
∑∑= iiitheretical mm ρρ               [4.4] 
 
where, mi = weight % of component i; ρB6O0.9 = 2.55 g/cm3; ρB2O3 = 1.85 g/cm3; ρAl2O3 
= 4 g/cm3; ρY2O3 = 4.85 g/cm3; ρSiO2 = 2.3 g/cm3 were used in the calculations. Errors 
in these calculations are inevitable since B6O density changes strongly with oxygen 
content. Therefore in calculating the theoretical densities, the oxygen content was 
assumed to be 0.9. This oxygen content can only be achieved at high pressure 
sintering condition. It has also been assumed that the grain boundaries of the hot 
pressed materials consist of Al2O3, Y2O3 and SiO2. In reality these phases react 
during hot pressing to form yttrium aluminates and yttrium silicates phases having 
different densities. Another assumption made in the calculation of theoretical 
densities is weight percent of B2O3 (1 wt%) which is present in the starting powder.  
 
4.7.6 Hardness and fracture toughness measurements 
Materials for hardness and fracture toughness measurements were prepared as 
described in the introductory paragraph of section 4.5. The hardness and fracture 
toughness of the hot pressed materials were measured by indentation technique using 
a Vicker’s indenter (LECO V-100-A2 Vickers Hardness Tester machine) with a load 
of 5kg and 1kg. Additionally, microhardness tester (FM-700) with loads of 2kg and 
0.5kg were used. The length of the cracks generated by the indentation was measured 
(see figure 4.8) and the crack lengths were used to calculate the fracture toughness of 
the materials. The following formulae were used to calculate the Vickers hardness 
and indentation fracture toughness (Anstis equation) of all hot-pressed samples (9)(84). 
  
2)2/(4.1854 aPHv =         [4.5] 
)/()/( 2/32/1 cPHEK vIC ξ=        [4.6] 
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where 2a is the arithmetic mean of the two diagonals in micrometers (µm), P is the 
applied load in Newton (N), ξ = 0.016 is a calibration constant,  E is Young’s 
modulus and c is the radial crack length (m) as shown in figure 4.8. The unit of the 
calculated hardness and fracture toughness are given in GPa and MPam1/2, 
respectively (9). The hardness reported in Chapter 5 will be reported as Hvx where v is 
Vickers and x is the load at which the hardness was determined. The fracture 
toughness has been calculated using an applied load of 5kg. Young’s modulus of 
composites containing Al2O3/Y2O3 and Al2O3/Y2O3/SiO2 were determined 
experimentally as described in section 4.7.7. For composites containing only Al2O3, a 
Young’s modulus of 514 GPa, determined experimentally by Shabalala (16) has been 
used to calculate the fracture toughness. For the rest of the composite materials, a 
Young’s modulus of 470 GPa was assumed which is the value determined by Petrak 
et al. (38) for pure B6O hot pressed sample with zero porosity. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Schematic representations of a Vickers indent. 
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4.7.7 Determination of elastic properties of the hot-pressed composites 
The elastic modulus of the hot pressed materials was determined by applying an 
ultrasound pulses on the cross section of the materials using oil and honey as a 
transmission media. The velocities of ultrasonic waves were measured by using a 
piezoelectric transducer and measuring the transit time through the specimen. If Lv is 
the velocity of longitudinal waves and tv is the velocity of transverse waves, the shear 
modulus was calculated from the thickness and density of each material using the 
following equation: 
 
2
tvρµ =          [4.7] 
 
Poisson’s ratio was calculated from  
 
])/(1[2)/(21 22 LtLt vvvv −−=υ       [4.8] 
 
and the Young’s modulus was obtained from 
 
)1(2 υµ +=E          [4.9] 
 
Additionally, the bulk modulus (K) was calculated from the following formula: 
 
3/)43( 22 tL vvK −= ρ        [4.10] 
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5 Results 
 
5.1  Introduction 
This chapter presents the results of the synthesis, milling, admixing and coating of 
boron suboxide (B6O) powders, and hot pressing of boron suboxide-based 
composites. The results also cover heat treatment and elastic properties of selected 
B6O composites. Discussion of these results and the relationship between 
densification-to-microstructure-to-property are presented in Chapter 6. 
 
5.2 Synthesis and milling of boron suboxide (B6O) powder 
5.2.1 Synthesis of boron suboxide (B6O) powder 
SEM micrograph of boron suboxide (B6O) powder synthesised at Wits as described 
in section 4.3.1 is shown in figure 5.1a. The synthesised B6O powder was washed 
with warm ethanol to dissolve any B2O3 formed as a result of using excess boric acid 
during synthesis. The colour of the synthesized B6O powder was dark brown. The 
particle size distribution of B6O powder, determined using Malvern Mastersizer 
(described in section 4.7.1), is shown in figure 5.1b. The surface morphology of the 
powder was predominantly spherical. The shape is a characteristic of B6O powder 
samples. Figure 5.1c shows the XRD pattern of the synthesised B6O powder after 
washing in ethanol showing only B6O peaks. 
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Figure 5.1: As-synthesised boron suboxide powder at Wits. (a) SEM. (b) Size distribution, d50 = 4.59 
µm (c) XRD pattern after washing in ethanol showing B6O peaks only. 
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5.2.2 Milling of boron suboxide (B6O) powder 
For the milling experiments, B6O powder produced at IKTS – Dresden was used. The 
milling conditions and the particle sizing techniques are described under sections 
4.3.2 and 4.7.1, respectively. Figure 5.2 reveals the dependence of the size 
distribution of the powders on milling time. As milling time increases the average 
particle size of B6O powder decreases and approaches a relatively constant value of 
~0.4 µm with 2.5 mm steel balls. A drastic change occurs within the first 20 hours of 
milling, and subsequently stabilises as the milling time increases. Driving the 
particles further down with an average particle size (d50) of ~0.2 µm was not 
attainable, even when 1 mm balls were used at higher mill speed (300 rpm). From 
these investigations it was concluded that the optimum milling conditions are: 30 
hours milling time at 200 rpm using 2.5 mm balls. These conditions were used for the 
second batch of milling experiments and the result was reproducible (see figure 5.2b). 
SEM micrographs of the starting powder as well as powders milled for 5, 20 and 30 
hours are shown in figure 5.3. 
 
A refractive index of 3.88 and particle absorption value of 1 were used to determine 
the size distribution of the milled powder (see figure 5.2). However, current 
experimental work at IKTS to determine the refractive index and particle absorption 
of the milled B6O powder gives 2.409 and 0.08, respectively. The size distribution of 
the milled powders (Figure E1 in Appendix E) is not strongly influenced by the 
refractive index and particle absorption in comparison to what has been given in 
figure 5.2. However, coarse particles of more than 10 µm in size were found in the 
milled powders, although their concentration is very low near the limit of detection. 
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Figure 5.2: Dependence of particle size distribution of B6O powders on milling time. a) B6O powder 
milled for 5, 20, 30 and 50hrs using 2.5 mm balls. Powder milled for 30hrs was further milled for 5hrs 
using 1 mm balls. b) Comparing size distribution of 1st and 2nd batch of B6O milled for 30 hrs. 
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Figure 5.3: SEM images of B6O powders milled for a) 5hrs. b) 20hrs. c) 30hrs. 
 
 
5.2.3 Changes in chemical composition of B6O powder due to milling 
Contamination is unavoidable during milling although the extent can be minimised 
under certain conditions. Milling parameters used in this project are described in 
section 4.3.2. The profile of contamination of as-milled powder in propan-1-ol is 
shown in figure 5.4a. It can be seen that as milling time increased the weight loss of 
balls during milling also increased. This indicates that contamination occurs during 
milling. Iron (Fe) and chromium (Cr) in the steel balls were the major contaminants 
in the milled powder. XRD pattern of powder milled for 30 hours is shown in figure 
5.4b. Continuous washing of milled powder in 1 M HCl reduced Fe and Cr 
concentrations strongly (see figure 5.4c). Washing of milled B6O powder has been 
a b 
c 
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described in section 4.3.3. Chemical analysis (ICP-OES) carried out on washed 
powders, as described in section 4.3.4, showed some level of contaminations (Table 
5.1). Nevertheless, the second washing of B6O milled for 30 hours (2nd batch) 
reduced these impurities strongly (see figure 5.5 and table 5.1).  
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Figure 5.4: a) Graph of weight percent loss of steel balls as a function of time. b) XRD pattern of B6O 
milled for 30 hours. c) XRD of B6O milled for 30 hours and washed in 1 M HCl for 5 days followed 
by washing in methanol. 
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Figure 5.5: XRD pattern of B6O powder milled for 30 hours showing B6O peaks. a) First batch. b) 
Second batch. 
 
 
Table 5.1: Chemical analysis (ICP-OES) of B6O milled for 30 and 50 hours and washed in 1 M HCl. 
Milling time (hrs) Fe (wt%) Cr (wt%) 
50 0.86 0.35 
30 (First batch) 0.096 0.086 
30 (second batch) 0.016 0.018 
 
 
 
5.3 Admixing of boron suboxide (B6O) powder 
In section 4.4, admixing of boron suboxide (B6O) with various additives was 
described. SEM images of Al2O3 (AKP50), Y2O3 (grade C from H.C. Starck) and 
SiO2 (from Heraeus) powders are shown in figure 5.6. The Al2O3 powder was fine and 
white. The yttria had a fine whisker white appearance whilst the SiO2 powder showed 
bimodal distribution. Different weight percent of additives were used in order to 
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understand the densification mechanisms. The admixed B6O powders were analysed 
using XRD and SEM to check the homogeneity of the second phase in the B6O 
matrix. A typical XRD pattern of B6O admixed with Al2O3 and Y2O3 is shown in 
figure 5.7. SiO2 used in this investigation was amorphous. The XRD patterns of B6O 
admixed with Al2O3, TiC and TiB2 respectively are also shown in Appendix C. 
 
 a)  b) 
 c) 
Figure 5.6: SEM of images of (a) Al2O3 (AKP50) (b) Y2O3 (from H.C. Starck) (c) SiO2 (from Heraeus) 
powders. 
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Figure 5.7: XRD pattern of B6O powder admixed with 2wt % Al2O3, 2.65wt % Y2O3. 
 
 
The homogeneity of the admixed powders was investigated by using SEM X-ray 
mapping which determines the distribution of elements within the admixed powders. 
EDX mapping of B6O admixed with 2 wt% Al2O3 and 2.65 wt% Y2O3 is shown in 
figure 5.8 showing good homogenous distribution of additives. 
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Figure 5.8: EDX mapping images of B6O admixed with 2wt% Al2O3 and 2.65wt% Y2O3 showing good 
homogeneity of admixed powder. 
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5.4 Doping of boron suboxide powder with palladium 
In section 4.5 the doping of B6O with palladium (Pd) was described. PdCl2 was 
reduced to Pd during coating. Weight of PdCl2 representing 5 vol. % of Pd was used. 
Figure 5.9 shows the SEM image and XRD pattern of the doped powder. It is evident 
that doping of B6O using this technique produced good distribution of Pd in B6O 
powder. 
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Figure 5.9: Pd-doped B6O powder (a) SEM (b) XRD pattern. 
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5.5 Hot pressing of boron suboxide-based materials  
5.5.1 Hot pressed ‘pure’ B6O materials 
B6O powders (first and second batch milled for 30 hours) were hot pressed at 1900oC 
for 20 minutes under a pressure of 50 MPa using a uniaxial hot press as described in 
section 4.6. Additionally, B6O powder produced at Wits was hot pressed under the 
same hot pressing conditions. Table 5.2 summarises the properties of the hot-pressed 
materials. It was found that hot pressed B6O material produced from first batch of 
milled B6O powder (19B6Oa) had good fracture toughness (3.3 MPam1/2) compared 
to the other two ‘pure’ B6O materials which were found to be brittle. The increase in 
fracture toughness of 19B6Oa material can be attributed to the relatively high levels 
of Fe and Cr impurities (table 5.1) in the starting powder. These impurities formed 
Fe-Cr-B phases at the grain boundaries which resulted in the improved fracture 
toughness. The measured densities, however, were similar for the milled powders but 
higher for the 19B6O material. 1kg and 0.5kg loads were used to determine the 
Vickers hardness for 19B6Ob and 19B6O materials since higher loads caused 
chipping of the B6O grains. Hence, the facture toughness was not measured for these 
materials. At these loads, the Vickers hardness of 19B6O material was lower than 
19B6Oa and 19B6Ob materials. The higher hardness values obtained for 19B6Oa and 
19B6Ob is connected with the smaller grain sizes of the sintered compact. The low 
fracture toughness observed for 19B6Ob and 19B6O materials agrees with other 
sintered ‘pure’ B6O materials produced thus far which have been found to be brittle. 
Details of the structure-properties relationship will be dealt with in Chapter 6. 
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Table 5.2: Properties of ‘pure’ B6O material hot pressed at 1900oC under a pressure of 50 MPa for 20 
minutes. 
Vickers hardness, Hv (GPa) 
Material Density (g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) 5kg 1kg 0.5kg  
KIC 
(MPam1/2)  
19B6Oa 2.48 97.3 3.6 30.1±0.8 - 34.7±1.1 3.3±0.1 
19B6Ob 2.48 97.3 1.1 - 35.7±1.6 35.6±1.5 Brittle 
19B6O* 2.52 98.8 1.9 - 29.4±0.5 32.3±1.4 Brittle 
*Produced from B6O synthesised at Wits University 
 
 
Figure 5.10 shows the XRD pattern of the hot pressed ‘pure’ B6O materials. XRD 
patterns have similar peaks with two additional peaks for the milled B6O powders at 
2θ = 45.10o and 45.96o belonging to Fe-Cr-B phases. These additional peaks are more 
pronounced in 19B6Oa material than in 19B6Ob material because of the high content 
of these impurities in the former material. The Fe-Cr-B peak is not visible in the XRD 
spectra for 19B6O material (figure 5.10c). Figure 5.11 shows the SEM images of the 
hot pressed materials. EDX carried out on 19B6Oa material showed that the 
secondary phases constitute mainly Fe, Cr and Mg. On the contrary, EDX carried out 
on 19B6Ob and 19B6O materials showed mainly Mg as the secondary phase. Mg 
found comes from the boron powder used to produce B6O. The grain size of the hot 
pressed compacts could not be determined from the SEM images. This is partly due 
to lack of good etchant for this material. Additional SEM images of the hot pressed 
materials are given in Appendix D (Figure D1). 
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Figure 5.10: XRD pattern for ‘pure’ B6O hot pressed material. (a) 19B6O. (b) 19B6Ob. (b) 19B6Oa. 
 
  
 
Figure 5.11: SEM micrograph of hot-pressed ‘pure’ B6O material. (a) 19B6Oa (b) 19B6Ob (c) 19B6O. 
 
 
a b 
c 
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5.5.2 Hot pressed B6O-Al2O3-Y2O3 composites 
For this composite, three different Al2O3/Y2O3 mol % additive ratios were 
investigated, namely 80:20, 62:83, and 50:50 respectively. Additionally, for each of 
the three mol % ratios, the amount of Al2O3 and Y2O3 were varied. The reason was to 
obtain B6O composites with various structures and grain boundary chemistry which 
could assist in establishing relationship between structure and mechanical properties. 
These process variables were expected to produce materials with varying amounts of 
phases at the grain boundaries which will subsequently affect the measured 
properties. The ratios of the different additives have been given in table 4.2 (Chapter 
4). Admixing of the powders has also been described in section 4.4. Two different hot 
pressing profiles were used as described in Chapter 4 (Section 4.6). The first hot 
pressing profile was used to produce composites from the first batch of milled 
powder (denoted by ‘a’) whilst the second hot pressing profile was used for the 
second batch of milled powder (denoted by ‘b’). The second hot pressing profile was 
used to improve densification and also to minimise grain growth. Materials were hot 
pressed at 1800oC instead of 1900oC as given in section 4.6 under a pressure of 50 
MPa for 20 minutes. Mechanical properties and densities measured on the hot pressed 
materials are given in table 5.3. Naming of the hot pressed materials has been 
described under section 4.6.2. 
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Table 5.3: Densities and mechanical properties of B6O-Al2O3-Y2O3 composites hot pressed at 1800oC under a pressure of 50 MPa for 20 minutes. 
Vickers hardness (GPa) 
Material Density (g/cm3) 
% Theoretical 
density 
Open 
porosity 
(%) Hv5 Hv2 Hv0.5 
KIC (MPam1/2) 
18B6O1Al1.32Ya 2.41 93.8 3.2 30.4±1.8 29.8±1.7 31.4±1.9 5.4±0.3 
18B6O1Al1.32Yb-1 
 
18B6O1Al1.32Yb-2 
2.51 
 
2.54 
97.7 
 
98.8 
3.0 
 
0.9 
28.8±0.8 
 
29.7±0.6 
- 
 
32.4±0.9 
- 
 
34.0±1.9 
4.7±0.6 
 
4.1±0.3 
18B6O2Al2.65Ya 2.53 97.7 1.6 29.7±2.8 29.6±0.7 30.7±1.0 6.2±1.0 
18B6O2Al2.65Yb-1 
 
18B6O2Al2.65Yb-2 
2.55 
 
2.56 
98.5 
 
98.8 
1.9 
 
1.2 
29.1±0.4 
 
29.2±0.7 
- 
 
31.4±1.2 
- 
 
33.0±1.8 
4.6±0.4 
 
4.4±0.1 
18B6O2.83Al3.75Yb-1 
 
18B6O2.83Al3.75Yb-2 
2.57 
 
2.57 
98.5 
 
98.5 
0.8 
 
1.2 
28.1±0.7 
 
28.2±0.8 
- 
 
29.5±1.4 
- 
 
30.5±0.6 
5.1±0.8 
 
4.1±0.6 
18B6O2.87Al1.58Yb 2.53 98.7 0.8 28.3±0.9 29.4±0.9 31.4±0.9 3.8±0.9 
18B6O4.06Al2.24Yb 2.57 98.5 0.5 29.2±0.7 28.4±0.8 30.7±1.1 4.3±0.8 
18B6O1.48Al3.26Yb 2.57 99.2 1.2 27.9±0.4 27.4±1.0 28.6±0.8 3.8±0.6 
18B6O2.1Al4.63Yb 2.56 97.7 1.4 27.8±1.3 28.0±1.5 29.0±1.2 3.3±0.3 
19B6Ob 2.48 97.6 1.1 - - 35.6±1.5 Brittle 
a) First batch of milled B6O powder. b) Second batch of milled B6O powder. 1) First run. 2) Repeated run. 
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It can be observed that densities obtained for the second batch of milled powder (‘b’) 
were higher than those obtained for the first batch of milled powder (‘a’). This is due 
to the different hot pressing profiles used for these two composites, as discussed in 
Chapter 4 (Section 4.6). That is for the first batch of milled powder, a longer hot 
pressing cycle was used in comparison to the one used for the second batch. 
Additionally, application of pressure was carried out at much lower temperature 
(1400oC) in comparison to that of the first batch of milled powder (1600oC). 
Nevertheless, when the same hot pressing profile was used, the densities as well as 
the mechanical properties measured on the hot pressed composites were reproducible. 
Additionally, the open porosities obtained for the composites prepared from the first 
batch of milled powder were higher than for the composites prepared from the second 
batch of milled powder. This is also connected with the different hot pressing profiles 
used.  
 
The Vickers hardness values measured for these composites were slightly lower than 
that of ‘pure’ B6O but their fracture toughness values improved significantly. For 
instance, B6O composite material containing 1wt% Al2O3, 1.32wt% Y2O3 
(18B6O1Al1.32Yb-2) and 2wt% Al2O3, 2.65wt% Y2O3 (18B6O2Al2.65Yb-2) has 
Hv0.5 of 34.0 GPa and 33.0 GPa respectively, compared to Hv0.5 of 35.6 GPa for 
‘pure’ B6O (19B6Ob). Their corresponding fracture toughness values are 4.1 MPam1/2 
and 4.4 MPam1/2, respectively. For small weight % of the binder added the fracture 
toughness of the composite increased significantly compare to ‘pure’ B6O which was 
found to be brittle.  
 
Figure 5.12 shows a typical XRD pattern for the three Al2O3/Y2O3 mol % ratios 
investigated. Only B6O crystalline phases were observed except those with 80 mol % 
Al2O3 in the additives. For 80 mol % Al2O3, Al18B4O33 crystalline grain boundary 
phases were formed besides B6O. Varying the amount of Al2O3 and Y2O3 (for the 
same Al2O3/Y2O3 mol % ratio) did not influence the phases present in the hot pressed 
materials. The XRD patterns for the other hot pressed composites are given in 
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Appendix C. Comparing the admixed powder to the hot pressed composites (Figures 
5.5 and 5.12), it is evident that Al2O3 and Y2O3 reacted completely by the 
disappearing of these phases. However, the grain boundary phases were amorphous 
and could not be determined by XRD technique. 
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Figure 5.12: XRD pattern of hot pressed B6O-Al2O3-Y2O3 composites. a) 18B6O4.06Al2.24Y (80:20 
mol %). b) 18B6O1.48Al3.26Y (50:50 mol %). c) 18B6O2Al2.65Y (62:38 mol %). 
 
 
Figure 5.13 shows backscattered images of hot pressed composite materials produced 
from first and second batches of milled powders respectively. It can be seen from the 
SEM images that the porosities in the B6O composite materials produced from the 
first batch of milled powder are higher than those produced from the second batch of 
milled powder. As mentioned, this is connected to the different hot pressing profiles 
used. 
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Figure 5.13: Backscattered (SEM) images of Al-Y-doped B6O hot pressed composite materials. 
 
 
 
 
 
a) 18B6O1Al1.32Ya 
b) 18B6O2Al2.65Ya 
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Figure 5.13: Continuation of backscattered (SEM) images of Al-Y-doped B6O hot pressed composite 
materials. Additional images are given in Appendix D. 
 
b) 18B6O2Al2.65Yb-1 
e) 18B6O4.06Al2.24Yb f) 18B6O1.48Al3.26Yb 
d) 18B6O2.87Al1.58Yb c) 18B6O2.83Al3.75Yb 
a) 18B6O1Al1.32Yb-1 
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It could also be seen from the micrographs that as the amount of Al2O3/Y2O3 
increased, there is segregation (pockets) of liquid phases in the microstructure due to 
bad wetting behaviour of Y2O3. Porosities also increased at the grain boundaries as 
the amount of additive increased. Energy dispersive X-ray (EDX) analyses show that 
these pockets of liquid phase has higher amount of yttrium than aluminium. Materials 
containing fewer amount of additives (18B6O1Al1.32Yb-1 and 18B6O2Al2.65Yb-1) 
had good homogeneity of the binder phase in the hot pressed composites. It can also 
be observed from the SEM images that all the hot pressed materials were nearly 
complete dense, especially for the composites produced from the second batch of 
milled powder. There is also some pullout of the binder phase due to long polishing 
of the materials. It must be mentioned here that B6O is an ultrahard material. In order 
to obtain scratch free surface after grinding, long polishing times were required. 
However, the grain boundary phase is not as hard as B6O. This caused pullout of the 
binder phases which looks like pores in the materials. At higher magnifications, one 
could observe little or no grain growth in the hot pressed compacts produced from the 
second batch of milled powder (see Appendix D). This is partly due to the high ramp 
rate (20oC/min) as well as lower hot pressing temperature (1800oC) used. 
 
TEM analysis was carried out on Al-Y-doped B6O composite sintered using spark 
plasma sintering (SPS) technique at IKTS to understand the structure and 
composition of the grain boundary as well as to assist relating structure to the 
properties for this composite. This material was sintered at 1800oC under 50 MPa for 
5 minutes. The composition was similar to 18B6O2Al2.65Y material prepared in this 
work and therefore can be compared with it. Figure 5.14a shows that the individual 
B6O grains are not well faceted and the material has isolated pockets of glassy phases. 
The grain sizes of B6O in this material are homogenous and in the submicron range; 
same as the starting powder indicating no grain growth. There were also some 
dislocations and stacking faults within the B6O grains as a result of the hot pressing 
processes. Multiple twin boundaries in B6O grains were observed. Glass phases 
observed (Figure 5.14b) decomposed when exposed to incident electron beam which 
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indicates that the glass phase is electron beam sensitive. EDX analysis reveals the 
incorporation of B, Al, Y, Mg and O into the glassy phase. Mg in this case comes 
from boron starting powder. Figure 5.14c shows a typical HRTEM image of grain 
boundaries observed in the Al-Y-doped B6O material. No evidence of grain boundary 
wetting was observed and was therefore concluded that these grain boundaries have 
clean interfaces. Hence the sintering process could not be fully described as a typical 
liquid phase sintering. 
 
  
 
Figure 5.14: TEM micrograph of (a) overall microstructure of the Al-Y-doped B6O composite material 
sintered via SPS showing no grain growth and isolated pockets of glassy phase. (b) damaged glassy 
phase upon electron beam radiation for about 1 minute indicating the sensitivity of the glassy phase. 
(c) a triple grain junction in the Al-Y-doped B6O material which does not contain any residual glass 
phase (clean interface). 
a b 
c 
B6O 
Glassy 
phase 
B6O 
Damaged glass phase 
upon electron beam 
B6O 
B6O 
B6O 
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The fractured pieces of selected Al-Y-doped B6O hot pressed materials were 
examined to understand the fracture mode that occurred in this composite using SEM. 
Figure 5.15 shows the images obtained. There was pullout in 18B6O2Al2.65Yb-2 
material (Figure 5.15b). From these micrographs it was observed that fracture was 
mainly transgranular. Higher resolution was difficult to obtain. Nevertheless, it is 
thought that fracture may also occur along the twin boundaries and stacking faults as 
indicated by TEM results. 
 
 a) 
 b) 
Figure 5.15: SEM images of fractured surfaces of Al-Y-doped B6O hot pressed materials. a) 
18B6O1Al1.32Yb-1. b) 18B6O2Al2.65Yb-2. 
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The hot pressing temperature for the composites was optimised using B6O composite 
containing 2 wt% Al2O3 and 2.65 wt% Y2O3. The admixed powder was hot pressed at 
1750oC and 1850oC under a pressure of 50 MPa for 20 minutes and the properties 
measured and compared to composite material hot pressed at 1800oC. Table 5.4 
shows the densities and mechanical properties measured for the materials produced. 
 
Table 5.4: Mechanical properties of B6O composite material containing 2 wt% Al2O3 and 2.65 wt% 
Y2O3 hot pressed at different temperatures. 
Material Density (g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) 
Hv5 
(GPa) 
Hv0.5 
(GPa) 
KIC 
(MPam1/2) 
175B6O2Al2.65Ya 2.27 87.6 5.9 16.6±2.1 - 7.2±0.6 
185B6O2Al2.65Ya 2.58 99.6 1.2 27.8±2.1 30.7±1.4 3.4±0.1 
18B6O2Al2.65Ya 2.53 97.7 1.6 29.7±2.8 30.7±1.0 6.3±1.0 
 
 
Material hot pressed at 1750oC (175B6O2Al2.65Ya) had the least density whilst 
material hot pressed at 1850oC (185B6O2Al2.65Ya) had the highest density. Material 
hot pressed at 1800oC (18B6O2Al2.65Ya) had intermediate density. Nevertheless, 
hardness value obtained for 185B6O2Al2.65Ya using 5kg load was slightly lower 
than that obtained for 18B6O2Al2.65Ya material under the same load. However, the 
microhardness values for both samples are similar. This is an indication that at higher 
temperature (1850oC) grain growth occurs as well as decomposition of boron oxide 
rich phases. 175B6O2Al2.65Ya material had the highest fracture toughness. This is 
connected with the high open porosity (5.9%) in the hot pressed material which 
inhibits crack propagation. The fracture toughness of material hot pressed at 1800oC 
was better than material hot pressed at 1850oC. The lower fracture toughness could be 
connected with the segregation of grain boundary phase in the microstructure (see 
figure 5.17c). Based on these properties, the optimum hot pressing temperature for 
these composites was established to be 1800oC.  
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Figure 5.16 shows the XRD pattern for these composites while figure 5.17 shows the 
backscattered (SEM) images of the composites. Additional SEM images of these 
composite materials are given in Appendix D (Figure D4). Phases identified using 
XRD were similar for all hot pressed materials showing only B6O crystalline phases. 
It was observed that the XRD peaks become sharper with increasing temperature. 
Thus, as the hot pressing temperature increased the crystallinity of B6O changes, 
changing the oxygen occupancy in the B6O structure. A possible way of relative 
estimation of the amount of oxygen would be to calculate the intensity ratio of the 
different peaks. The theoretical calculations using the crystal structure data (ICSD 
73624) indicate that the ratio of the (101) and (104) peaks are very sensitive to the 
oxygen content (85). Figure 5.18 shows the sensitivity of oxygen content on the ratio 
(101)/(104) peaks. When the ratios at 1750, 1800, and 1850oC were calculated, 4.5, 
8.5 and 10.6% respectively, were obtained. This means that the oxygen occupation 
factor decreases with increasing sintering temperature. This could be connected with 
decomposition at higher temperature. EDX on the binder phases showed mainly Al, 
Y and O. The SEM images show that at hot pressing temperature of 1850oC, the 
binder phase was not homogenously distributed. There is segregation of the grain 
boundary phases in the microstructure. The reason for the large segregations in the 
microstructure is probably connected with the bad wetting behaviour of yttria as 
shown in the TEM results. 
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Figure 5.16 : XRD pattern of B6O composite materials hot pressed at different temperatures showing 
only B6O peaks. a) 1750oC (b) 1800oC (c) 1850oC. 
 
 
It has been reported that B2O3 present on the surfaces of B6O particles affect the 
mechanical properties of the hot pressed compacts. To test how the presence of B2O3 
will affect the properties of this composite, B6O admixed with 2 wt% Al2O3 and 2.65 
wt% Y2O3 was repeatedly washed in warm water followed by washing in warm 
methanol to strongly reduce B2O3 content in the powder. Part of this admixed powder 
was hot pressed immediately after washing at 1800oC under a pressure of 50 MPa for 
20 minutes. The other part of the admixed powder was heated at 250oC for 90 
minutes to partially oxidise B6O to B2O3. Weight of the admixed powder was 
measured before and after the heat treatment. Weight gain was 0.6% which was used 
as a measure of the amount of B2O3 that has been introduced into the admixed 
powder. The calculated B2O3 introduced is about 1 wt%. This heat treated powder 
was also hot pressed under the same hot pressing conditions as the powder that was 
not heat treated (hot pressing conditions: 1800oC, 50 MPa, 20 minutes). Table 5.5 
summarises the properties measured for these composite materials. 
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Figure 5.17: Backscattered (SEM) images of B6O composite materials hot pressed at a) 1750oC b) 
1800oC c) 1850oC d) EDX at spot 1. e) EDX at spot 2. The segregation of grain boundary in ‘c’ could 
be due to changes in wetting behaviour or grain growth as temperature increases. More detailed 
analyses are needed to understand this. 
 
 
b) 18B6O2Al2.65Ya a) 175B6O2Al2.65Ya 
c) 185B6O2Al2.65Ya 
1 
2 
O 
d 
e 
Chapter 5: Results 
~ 110 ~ 
 
 
 
Figure 5.18: Ratio of the intensity of (101)/ (104) peaks as a function of the occupation factor of the 
oxygen position (an investigation carried out at IKTS) (85). 
 
 
Table 5.5: Densities and mechanical properties of B6O composites containing 2 wt% Al2O3 and 2.65 
wt% Y2O3 produced from untreated and heat treated powders. 
Material Density (g/cm3) 
% Theoretical 
density 
Open 
porosity (%) 
Hv5 
(GPa) 
KIC 
(MPam1/2) 
18B6O2Al2.65Yb-1 2.55 98.5 1.9 29.1±0.4 4.6±0.4 
18B6O2Al2.65YHTPb 2.54 98.4 1.7 26.4±0.5 4.3±0.3 
 
 
It was observed that introducing B2O3 before hot pressing decreased the hardness 
value by 9.6%. The measured densities and fracture toughness were somewhat 
similar. This is an indication that the presence of B2O3 strongly affects the hardness 
Chapter 5: Results 
~ 111 ~ 
 
of hot pressed compacts. This means that the level of B2O3 in the starting B6O 
powder must be kept very low in order to have very good mechanical properties of 
the sintered compact. Figure 5.19 compares the SEM images of the two materials. 
The presence of liquid B2O3 during hot pressing resulted in large segregation of the 
grain boundary phase. Cracks in the microstructure were caused by pullout of B2O3 at 
the grain boundaries during polishing of the material. Additional images of material 
produced from heat treated powder are given in Appendix D (Figure D5). 
 
  
Figure 5.19: Backscattered (SEM) images of B6O composite containing 2 wt% Al2O3 and 2.65 wt% 
Y2O3 produced from a) untreated and b) heat treated of admixed powders. 
 
 
5.5.3 Hot pressed B6O-Al2O3-Y2O3-SiO2 composites 
Having produced and obtained a good combination of properties for B6O composites 
containing Al2O3 and Y2O3 additives, SiO2 was introduced to the B6O-Al2O3-Y2O3 
system to test the effect of SiO2 addition on densification of these composite 
materials. SiO2 was also added to test any structure to property changes that will 
occur in the composites. SiO2 used in this work was amorphous. Details of the 
composition of the different composites are given in table 4.2. XRD pattern of 
B6O/Al2O3/Y2O3/SiO2 admixed powder is similar to the one shown in figure 5.7 since 
a) 18B6O2Al2.65Yb-1 b) 18B6O2Al2.65YHTPb 
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SiO2 is amorphous and cannot be determined by XRD technique. A typical XRD 
pattern of B6O admixed with Al2O3, Y2O3, and SiO2 is given in Appendix C (figure 
C4). Composites were produced by hot pressing at 1800oC under a pressure of 50 
MPa for 20 minutes. The densities and mechanical properties measured are given in 
table 5.6. 
 
Table 5.6: Densities and mechanical properties of B6O composites containing Al2O3, Y2O3 and SiO2 as 
additives. 
 
 
Densities obtained for the composites produced from the second batch of milled 
powder were once again higher than that produced from the first batch of milled 
powder. As mentioned, the reason is connected to the different hot pressing profiles 
used. Densities obtained were more than 98% of the theoretical densities. For 
comparison, the results of B6O composite without SiO2 addition hot pressed under the 
Vickers hardness, 
(GPa) Material Density (g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) Hv5 Hv0.5 
KIC 
(MPam1/2) 
18B6O2Al2.65Y1Sia 2.46 95.0 4.4 30.0±1.6 30.9±0.9 4.9±1.0 
18B6O2Al2.65Y1Sib 2.55 98.5 1.2 27.6±0.6 30.9±1.1 3.2±0.5 
18B6O2.7Al3.57Y1.35Sib 2.58 98.9 0.1 27.4±1.0 31.4±1.9 3.7±0.4 
18B6O2.54Al1.4Y1.27Sib 2.56 99.2 1.1 27.4±0.9 27.6±0.4 3.9±0.9 
18B6O3.43Al1.89Y1.72Sib 2.59 100.0 0.5 28.3±0.4 29.8±0.8 4.6±0.8 
18B6O2Al2.65Yb-1 2.55 98.5 1.9 29.1±0.4 33.0±1.8 4.6±0.4 
19B6Ob 2.48 97.6 1.1 - 35.6±1.5 Brittle 
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same conditions (18B6O2Al2.65Yb-1) and ‘pure’ B6O (19B6Ob) are also given in 
table 5.6. 
Vickers hardness values obtained for composites with SiO2 additions were lower 
compared to those without SiO2 additions. Vickers hardness obtained for composite 
produced from the first batch of milled powder (18B6O2Al2.65Y1Sia) was very high 
even at 5kg load. This composite (18B6O2Al2.65Y1Sia) also had the highest porosity 
with the lowest density. 
 
XRD analyses on the hot pressed composites are shown in figure 5.20. The XRD 
pattern of the composite without SiO2 has been added for comparison. Only B6O 
crystalline phases were identified for compositions containing 62 mol % Al2O3 in the 
additives. For 80 mol % Al2O3 in the additives, small crystalline phase at 2θ = 16.64o 
belonging to Al18B4O33 was observed. XRD patterns with high SiO2 content produced 
better crystalline phases. Si-containing crystalline phase was not observed in the 
XRD spectra. SEM images of these composites are shown in figure 5.21. Additional 
images are given in Appendix D (Figure D6). It is obvious from the micrographs that 
exaggerated grain growth occurred under the hot pressing conditions when the 
amount of SiO2 was increased, say from 1 wt% to 1.35 wt%. EDX analysis on the 
secondary phases shows the presence of Si. This Si could form some amorphous 
phases such as mullite or yttrium silicates as predicted based on thermodynamic 
considerations (see Chapter 3). Details of the structure to property relationship are 
dealt with in Chapter 6. 
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Figure 5.20: XRD pattern of B6O composites a) 18B6O2Al2.65Yb b) 18B6O2Al2.65Y1Sib and c) 
18B6O3.43Al1.89Y1.72Sib. 
 
  
  
Figure 5.21: Backscattered (SEM) images of Al-Y-Si-doped B6O hot pressed composites showing 
grain growth in higher SiO2 content. 
a) 18B6O2Al2.65Y1Sia b) 18B6O2Al2.65Y1Sib 
c) 18B6O2.54Al1.4Y1.27Sib d) 18B6O3.43Al1.89Y1.72Sib 
1 
2 
3 
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Figure 5.21: Continuation – EDX at spot e) 1. f) 2. g) 3.  
 
 
 
TEM investigation was carried out on 18B6O2Al2.65Y1Sia material to understand 
the grain boundary structure, composition and also to compare the structure to the Al-
Y-doped B6O materials. Figure 5.22 shows the TEM micrographs of 
18B6O2Al2.65Y1Sia hot pressed material. Similar structure was observed in 
comparison to Al-Y-doped B6O hot pressed material (18B6O2Al2.65Ya). The 
individual B6O grains are not well faceted and have isolated pockets of glassy phases 
(Figure 5.22a). The grain sizes of B6O are also homogenous and in the submicron 
range. There were also some dislocations and stacking faults with multiple twinning 
within the B6O grains (Figure 5.22b). Glass phase (Figure 5.22c) decomposed upon 
e f 
g 
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exposure to incident electron beam which indicates that the glass phase is electron 
beam sensitive. EDX analysis reveals incorporation of B, Al, Y, Si, Mg and O into 
the glass phase. Mg in this case comes from boron starting powder. Figure 5.22d 
shows a typical HRTEM image of grain boundaries showing no evidence of grain 
boundary wetting as in the case of Al-Y-doped B6O material. Therefore it was 
concluded that these grain boundaries have clean interfaces. 
 
 
 
 
Figure 5.22: TEM micrograph of (a) overall microstructure of 18B6O2Al2.65Y1Sia-1 hot pressed 
material showing no grain growth and isolated pockets of glassy phase. (b) B6O grain showing 
multiple micro-twinning. (c) glass phase damage upon electron beam radiation indicating the 
sensitivity of this glass phase. (d) a triple grain junction in the Al-Y-Si-doped B6O material which does 
not contain any glass phase (clean interface). 
B6O 
Glassy phase 
B6O 
B6O 
B6O 
a b 
c d 
Multiple 
twinning 
Beam damage of 
glass phase 
B6O 
Clean interface 
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The fractured surface of 18B6O2Al2.65Y1Sib was examined under SEM to 
understand the fracture mode. Figure 5.23 shows the SEM images of the fractured 
surface. It could be observed from this micrograph that transgranular fractured 
occurred in this composite. Higher resolution was difficult to obtain. It is believed 
that fracture occurred along the twin boundaries and stacking faults as found in TEM 
results although no conclusive evidence for this fracture mechanism was found in this 
work. 
 
 
Figure 5.23: SEM image of fractured surface of 18B6O2Al2.65Y1Sib material. 
 
 
 
5.5.4 Hot pressed B6O-Al2O3 composites 
B6O composite materials containing 1 wt%, 2 wt% and 3 wt% Al2O3 respectively, 
were additionally produced at a hot pressing temperature of 1900oC under a pressure 
of 50 MPa for 20 minutes. XRD pattern of B6O admixed with 1 wt% Al2O3 is given 
in Appendix C (figure C1). It was assumed that the B2O3 present on the surfaces of 
B6O particles would react with Al2O3 forming aluminium borates which could 
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improve the fracture toughness of these composites. Table 5.7 shows the densities 
and mechanical properties measured for these composites. 
Table 5.7: Densities and mechanical properties of B6O composites containing Al2O3. 
Vickers hardness, 
(GPa) Material Density (g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) Hv5 Hv0.5 
KIC 
(MPam1/2) 
19B6O1Ala 2.51 98.4 3.0 30.2±1.8 30.9±0.6 5.8±0.5 
19B6O2Ala 2.54 99.2 1.8 29.5±1.5 30.6±1.1 5.5±0.6 
19B6O3Ala 2.55 99.2 2.1 27.0±0.7 28.9±0.5 4.5±0.5 
18B6O2Al1Sia 2.42 94.5 4.1 28.0±1.5 28.4±0.6 5.2±0.7 
19B6Oa 2.48 97.6 3.6 30.1±0.8 34.7±1.1 3.3±0.1 
 
 
Densities higher than 97% of their theoretical densities were achieved. The high 
densities achieved are connected with the higher hot pressing temperature used which 
resulted in high amount of liquid phase present to accelerate mass transport via liquid 
phase sintering. Higher fracture toughness values were obtained for these composites 
with very good hardness values. 1 wt% SiO2 was added to 2 wt% Al2O3 and hot 
pressed at lower temperature (1800oC) to determine the effect of SiO2 on 
densification of this composite. The properties obtained for this composite have been 
included in table 5.7 for comparison. Even though the hardness and fracture 
toughness values obtained were similar to composites without SiO2 addition, the 
density was low. Porosity of 4.1% was measured for this material. The high porosity 
in 18B6O2Al1Sia composite is connected with the lower hot pressing temperature 
used which resulted in less densification. Details of the densification mechanism are 
presented in Chapter 6. Figure 5.24 shows XRD pattern of the hot pressed composites 
(19B6O2Ala and 18B6O2Al1Sia). Similar XRD pattern were obtained for 
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19B6O1Ala and 19B6O3Ala materials. The XRD pattern identified aluminium borate 
(Al18B4O33) as the crystalline grain boundary phase. No Si-containing peak was 
identified in 18B6O2Al1Sia material. Figure 5.25 shows the SEM images showing 
some defects in the microstructures as well as some in-homogeneities. EDX analysis 
on 18B6O2Al1Sia material showed the presence of Si in the hot pressed composite. 
Cracks in microstructure are pull-outs of the grain boundary phases due to bad 
polishing and also presence of B2O3 in the hot pressed material.  
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Figure 5.24: XRD pattern of B6O composites containing Al2O3 and SiO2. (a) 19B6O2Ala. (b) 
18B6O2Al1Sia. 
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Figure 5.25: Backscattered (SEM) images of Al-doped B6O hot pressed composites. (a) 19B6O1Ala 
(b) 19B6O2Ala (c) 19B6O3Ala (d) 18B6O2Al1Sia. 
 
a) 19B6O1Ala b) 19B6O2Ala 
d) 18B6O2Al1Sia c) 19B6O3Ala 
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5.5.5 Hot pressed B6O composites with Ti compounds 
B6O composites were additionally produced by adding TiC and TiB2 to try and 
improve the fracture toughness. XRD patterns of B6O powder admixed with 5 wt% 
TiC and 5 wt% TiB2 are given in Appendix C (figure C1). The admixed powders 
were hot pressed at 1900oC under a pressure of 50 MPa for 20 minutes. First batch of 
milled B6O powder was used to produce these composites. The measured densities 
and mechanical properties are given in table 5.8. 
 
Table 5.8: Densities and mechanical properties of B6O composites with Ti compounds. 
Vickers hardness, 
(GPa) Material Density (g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) Hv5 Hv0.5 
KIC (MPam1/2) 
19B6O5TiCa 2.49 95.8 2.4 26.7±0.6 28.2±1.3 4.3±0.3 
19B6O5TiB2a 2.62 100.8* 0.8 26.5±1.5 27.8±0.8 6.7±0.9 
19B6Oa 2.48 97.6 3.6 30.1±0.8 34.7±1.1 3.3±0.1 
*% Theoretical density can be more than 100 since calculations were based on rule of mixtures. 
 
 
Density obtained for B6O-TiB2 composite was higher than B6O-TiC composite. The 
hardness values were however similar. Compared to ‘pure’ B6O (19B6Oa) the 
hardness of the Ti-based composites decreased strongly. Vickers hardness (Hv0.5) of 
28.2 GPa and 27.8 GPa were obtained for 19B6O5TiCa and 19B6O5TiCa composites 
respectively. A higher fracture toughness value was obtained for B6O-TiB2 
composite. XRD patterns of the hot pressed composites are shown in figure 5.26. 
TiB2 was present in both hot pressed materials besides B6O. Additionally, small 
amounts of Al18B4O33 were present in the hot pressed composites. The presence of Al 
in the composites is as a result of contaminations introduced during the mixing of 
B6O with these additives. Evidence of this Al impurity is shown in the EDX spectra 
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in figure 5.27. Al2O3 balls and vessel were used for the mixing. Backscattered SEM 
images are also shown in figure 5.27. The white phase is TiB2 and the grey phase is 
Al-B-Mg-O compounds. 
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Figure 5.26: XRD pattern of hot pressed B6O composites. a) 19B6O5TiCa. b) 19B6O5TiB2a. 
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Figure 5.27: Backscattered (SEM) images of B6O composites. a) 19B6O5TiCa. b) 19B6O5TiB2a. c) 
EDX at spot 1. d) EDX at spot 2. e) EDX at spot 3. f) EDX at spot 4. 
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5.6 Heat treatment (annealing) of B6O composites 
Heat treatments of selected hot pressed B6O composites were carried out at 1250oC 
for 10 hours in Ar atmosphere to determine the stability of the formed oxide phases 
and to test any transformation of the oxide phases formed during hot pressing. 
Materials heat treated included 18B6O1Al1.32Yb-2, 18B6O2Al2.65Yb-2, 
18B6O2.87Al1.58Yb, and 18B6O2Al2.65Y1Sib. Summary of properties measured 
before and after heat treatments have been given in table 5.9. 18B6O1Al1.32Yb-2 
material was stable under the heat treatment conditions with the densities before and 
after heat treatment being the same. Only slight decomposition was observed for the 
other composites. There were slight reductions in densities for 18B6O2Al2.65Yb-
2HT and 18B6O2.87Al1.58YbHT materials. However, the differences are too small 
and could be within the error limit. Hardness values of all heat treated materials 
increased slightly whereas their fracture toughness values remained almost the same 
with an exception of 18B6O2Al2.65Yb-2HT material where the fracture toughness 
decreased. There were no phase changes after heat treatment. XRD analysis of the 
heat treated materials is shown in figure 5.28. Comparison of XRD patterns before 
and after heat treatment has been shown in figure 5.29. No crystallisation was 
observed after the heat treatment. Figure 5.30 shows the optical images of the heat 
treated materials. These images reveal that no decomposition occurred during heat 
treatment. Dark spots in microstructure are as a result of bad polishing. SEM images 
of the heat treated materials are shown in figure 5.31. From the micrographs it is clear 
that the materials were stable under the heat treatment conditions. 
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Table 5.9: Properties before and after heat treatment of selected materials. 
Material Weight loss (wt %) 
Density 
(g/cm3)  
Open 
porosity 
(%) 
Hv5 (GPa)  KIC (MPam1/2)  
18B6O1Al1.32Yb-2  
18B6O1Al1.32Yb-2HT  
- 
0 
2.54 
2.54 
0.9 
0.8 
29.7±0.6 
30.0±0.8 
4.1±0.3 
3.5±0.4 
18B6O2Al2.65Yb-2  
18B6O2Al2.65Yb-2HT  
- 
0.4 
2.56 
2.52 
1.2 
1.6 
29.2±0.7 
31.5±1.2 
4.4±0.1 
3.6±0.6 
18B6O2.87Al1.58Yb 
18B6O2.87Al1.58YbHT  
- 
0.2 
2.53 
2.50 
0.8 
1.1 
28.3±0.9 
30.2±0.5 
3.8±0.9 
3.6±0.6 
18B6O2Al2.65Y1Sib  
18B6O2Al2.65Y1SibHT  
- 
0.3 
2.55 
2.56 
1.2 
2.3 
27.6±0.6 
28.5±1.0 
3.2±0.5 
3.7±0.3 
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Figure 5.28: XRD pattern of heat treated materials showing only B6O peaks. a) 18B6O1Al1.32Yb-2 b) 
18B6O2Al2.65Yb-2 c) 18B6O2.87Al1.58Yb d) 18B6O2Al2.65Y1Sib. 
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Figure 5.29: XRD pattern before and after heat treatment showing only B6O peaks. a) 
18B6O2Al2.65Yb-2 b) 18B6O2Al2.65Yb-2HT c) 18B6O2Al2.65Y1Sib d) 18B6O2Al2.65Y1SibHT. 
 
 
 
 
Figure 5.30: Optical images of heat treated materials. a) 18B6O1Al1.32Yb-2HT b) 18B6O2Al2.65Yb-
2HT c) 18B6O2.87Al1.58YbHT d) 18B6O2Al2.65Y1SibHT. 
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Figure 5.31: Backscattered (SEM) images of heat treated materials. 
 
 
 
5.7 Elastic properties of hot pressed B6O composites 
The elastic properties of selected B6O composites were determined using ultrasound 
as described in section 4.7.7. The elastic moduli data determined were used to 
calculate the indentation fracture toughness values for the B6O composites containing 
Al2O3, Y2O3 and SiO2 additives. Table 5.10 shows the elastic properties of 
18B6O1Al1.32Yb, 18B6O2Al2.65Yb, 18B6O2.87Al1.58Yb, and 
18B6O2Al2.65Y1Sib materials. As the amount of additive (i.e. Al2O3 content in 
additives) increased the elastic modulus decreased. 18B6O2.87Al1.58Yb material had 
the least elastic constants. Details of the relationship between the microstructure and 
elastic properties have been described in Chapter 6. 
a) 18B6O1Al1.32Yb-2HT b) 18B6O2Al2.65Yb-2HT 
c) 18B6O2.87Al1.58YbHT d) 18B6O2Al2.65Y1SibHT 
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Table 5.10: Elastic constants of selected hot pressed composites. 
Material  Density (g/cm3)  
Elastic 
modulus, E 
(GPa)  
Shear 
modulus, µ 
(GPa)  
Bulk 
modulus, K 
(GPa)  
Poison ratio, 
v 
18B6O1Al1.32Yb  2.54  462±3  194±1 249±3 0.191±0.008 
18B6O2Al2.65Yb  2.57  451±2 196±4 213±2  0.148±0.005 
18B6O2.87Al1.58Yb  2.57  429±4 183±1  207±2 0.158±0.002 
18B6O2Al2.65Y1Sib  2.58  459±1 200±2 217±3 0.147±0.004 
 
 
 
5.8 Pd-doped B6O composite 
B6O was doped with 5 vol. % Pd and hot pressed at 1600oC and 1900oC under a 
pressure of 50 MPa for 30 minutes. B6O powder produced at Wits was used to 
produce the composite. The intention was to form pure metal or palladium boride 
with B2O3 existing on the surfaces of B6O particles thereby forming a stronger grain 
boundary. The hot pressing cycle used to produce the composite is given in table 4.3. 
Details of the doping process are presented in Chapter 4 (Section 4.5). XRD and SEM 
of the doped powder have been shown in figure 5.11. Table 5.11 summarises the 
properties of the composite. For comparison, the properties of hot pressed ‘pure’ B6O 
(19B6O) produced from B6O powder synthesised at Wits have been included in the 
table. 19B6O was hot pressed at 1900oC under pressure of 50 MPa for 20 minutes. 
Additionally, the properties of 18B6O2Pd composite hot pressed at 1800oC under 50 
MPa for 20 minutes had been included in table 5.11. This material was produced in a 
separate work (by a 4th year BSc student) under my supervision. 
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Table 5.11: Properties of Pd-doped B6O composite. 
Material Density (g/cm3) 
% Theoretical 
density 
Open 
porosity (%) Hv5, (GPa) KIC (MPam
1/2) 
16B6O5Pd 1.75 58.7 26.7 - - 
19B6O5Pd 2.82 94.6 4.4 22.5±0.9 13.5±3.2 
18B6O2Pd 2.61  1.6 28.0±1.2 5.1±0.8 
19B6O* 2.52 99.2 1.9 
29.4±0.5 
(1kg load) Brittle 
* ‘Pure’ B6O hot pressed from B6O powder synthesised at Wits. 
  
 
Material hot pressed at 1600oC (16B6O5Pd) did not densify and therefore properties 
were not measured. Porosity of 26.7% was measured for this material. A density of 
2.82 g/cm3 was obtained for the material hot pressed at 1900oC (19B6O5Pd) which is 
about 95% of the theoretical density. This material had very good fracture toughness 
but the hardness decreased strongly compared to the ‘pure’ B6O (19B6O). 18B6O2Pd 
material had very good combination of properties. The higher hardness recorded in 
comparison to 19B6O5Pd material is due to the low volume % of Pd used. 
Additionally, less open porosity was measured for 18B6O2Pd material in comparison 
to 19B6O5Pd. XRD pattern of 19B6O5Pd material is shown in figure 5.32. Pd2B 
crystalline grain boundary phase was identified beside B6O. Similar XRD pattern was 
obtained for 18B6O2Pd material. SEM images of the hot pressed materials are shown 
in figure 5.33. SEM images show inhomogeneous distribution of Pd2B in the hot 
pressed compact. Figure 5.33b was taken at the centre of the hot pressed material. 
The non homogeneity of the secondary phase is somewhat connected with the high 
hot pressing temperature (1900oC) as well as the long dwelling time (30 minutes) 
used. There is also some residual porosity in the hot pressed material.  
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Figure 5.32: XRD pattern of Pd-doped B6O composite hot pressed at 1900oC for 30 minutes 
(19B6O5Pd). 
 
   
Figure 5.33: Backscattered (SEM) images of Pd-doped B6O hot pressed materials. a) 16B6O5Pd b) 
19B6O5Pd. 
 
There was also some decomposition and in-homogeneity (segregation of Pd and 
boron) at the edges of 19B6O5Pd material. Figure 5.34 shows the SEM images taken 
at the edges of the material. It was observed that one edge of the material was boron-
rich whilst the other edge of the same material was Pd-rich. This could be connected 
a b 
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with temperature gradient in the furnace. A detailed densification mechanism is 
presented in Chapter 6. 
 
 
 a) 
 b) 
Figure 5.34: Backscattered (SEM) images of 19B6O5Pd material which has been hot pressed at 1900oC 
under a pressure of 50 MPa for 30 minutes. (a) Edge 1. (b) Edge 2. 
 
B 
B6O 
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6 Discussion 
 
6.1 Introduction 
This chapter discusses the results presented in chapter 5 in terms of the relationship 
between densification, microstructure, and properties of the hot pressed materials as 
well as the heat treated materials. 
 
6.2 Relationship between densification and microstructure 
B6O and B6O composites were hot pressed at temperatures between 1600oC and 
1900oC in argon atmosphere under a pressure of 50 MPa. Summary of the densities 
obtained for the various hot pressed materials are given in table B1 (Appendix B). 
The theoretical densities have also been calculated and given in the same table. 
Assumptions made in the calculation of the theoretical densities have been presented 
in Chapter 4. 
 
The densities of ‘pure’ B6O hot pressed materials are very near theoretical density 
which varies from 2.47 and 2.59 g/cm3 depending on the oxygen and B2O3 content in 
the sample. Figure 6.1 shows the dependency of the theoretical density on x in B6Ox. 
As the oxygen content increases the theoretical density increases. The presence of 
B2O3 lowers the theoretical density as indicated in figure 6.1 (85). The theoretical 
density as a function of x for B6O composite containing 1wt% B2O3, 2 wt% Al2O3 
and 2.65 wt% Y2O3 has also be included in the graph for comparison. Figure 6.1 
agrees quite well with the estimation of oxygen occupancy calculated using intensity 
ratio of different peaks shown in figure 5.18. That is, the density increases with 
oxygen occupation in the crystal lattice.  
 
Densities obtained for both 19B6Oa and 19B6Ob was 2.48 g/cm3 whereas density 
obtained for 19B6O material was 2.52 g/cm3. When fitted into figure 6.1, the 
measured densities would have rough estimated x values ranging from 0.76 to 0.85. 
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This low oxygen content is expected as these materials were sintered at low 
pressures. The estimation of the oxygen content does not take into account the 
presence of B2O3 and interactions occurring at sintering temperatures. Nevertheless, it 
was concluded that the materials are nearly completely densified upon hot pressing. 
Density obtained for B6O hot pressed material produced from the powder synthesised 
at Wits (19B6O) was higher than those produced from the milled powders (19B6Oa 
and 19B6Ob). This could be connected with the higher amount of B2O3 that might 
have been present in the starting B6O powder. More B2O3 in the starting B6O powder 
will increase the amount of liquid present at hot pressing temperature (1900oC). The 
presence of this liquid enhanced mass transport in the liquid phase and under an 
applied load, nearly densed material was achieved. The presence of B2O3 coupled 
with the large particle sizes of starting powder resulted in the lower hardness value 
recorded for this material in comparison to the other ‘pure’ B6O hot pressed 
materials. The different concentrations of Fe and Cr contaminations in the B6O 
starting powder did not have any influence on the densification of 19B6Oa and 
19B6Ob materials. Both materials had same density (2.48 g/cm3). Nevertheless, the 
effect of these impurities on fracture toughness was significant (see section 6.4).  
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Figure 6.1: Dependency of the theoretical density on x in B6Ox. Theoretical densities have been taken 
from ICSD data cards 50-1505, 81-2192, and 87-2288. 
 
 
The effect of B2O3 on hot pressed B6O-based materials was investigated and 
presented in Chapter 5. It was found that more B2O3 in the starting powder results in 
lower hardness even though nearly dense material was obtained. The low hardness is 
connected with liquid B2O3 present at hot pressing temperature which resulted in 
grain growth. Porosities measured and observed in figure 5.19 are partly connected 
with the decomposition of boron oxide rich phases at 1900oC.  
 
Densities of ‘pure’ B6O obtained in this work are encouraging. B6O is typically 
unsinterable under ambient pressure conditions. Fully densified compact of B6O is 
difficult to obtain in the literature even by high pressure sintering techniques such as 
hot pressing or hot isostatic pressing (19) and no appropriate sintering aid has been 
found. This is because B6O is easily oxidized to form B2O3 with the mechanical 
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strength of the resultant sintered compact degraded (7). The degradation of mechanical 
properties by B2O3 has been corroborated by the findings in this work.  
 
Most of the hot pressed B6O composites produced in this work contain Al2O3 and 
Y2O3 as sintering additives. Therefore composites containing these additives were 
used to investigate densification behaviour as a function of sintering temperature. 
B6O materials containing 2 wt% Al2O3 and 2.65 wt% Y2O3 were hot pressed at 
1750oC, 1800oC, and 1850oC respectively. Figure 6.2 shows the relationship between 
hot pressing temperature and density. It was observed that the density of the hot 
pressed materials increased sharply from 1750oC to 1800oC. Above 1800oC the 
density only slightly increases. To understand and properly explain the densification 
process of this composite, one needs to consider the phase diagram of Al2O3-Y2O3 
system which is shown in figure 6.3. The composition under consideration has been 
indicated with an arrow in that figure. According to the phase diagram, at 1850oC 
there will not be any liquid present in the composite at sintering temperature. 
Nevertheless, there is some level of solubility of B2O3 in Al2O3-Y2O3 system (at least 
from the TEM investigations). The presence of B2O3 lowers the melting point in this 
system, creating enough liquid for densification to occur via liquid phase sintering. 
Additionally, under applied load near full densification of the composite would be 
achieved compared to materials hot pressed at lower temperatures. The presence of 
B2O3 is evident in the stability of the glassy phase formed in the composites, which 
prevents the formation of crystalline grain boundary phases (86).  
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Figure 6.2: Densities of the hot pressed composites containing 2 wt% Al2O3 and 2.65 wt% Y2O3 as a 
function of hot pressing temperature. 
 
Figure 6.3: Phase diagram of Al2O3-Y2O3 system (83). The arrow represents the composite under 
consideration (62 % mol Al2O3:38 % mol Y2O3). 
 
Hot pressing 
temperature (1800oC) 
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Even though high density was obtained for the material hot pressed at 1850oC 
(185B6O2Al2.65Ya) the macrohardness value obtained was slightly lower (~2 GPa) 
compared to the material hot pressed at 1800oC (18B6O2Al2.65Ya). The reduction in 
hardness is connected with the high amount of liquid phase present at hot pressing 
temperature which resulted in grain growth of the material (see figure 5.17c). This 
also explains why the microhardness values were similar for materials hot pressed at 
1800 and 1850oC although there were slight differences in their macrohardness 
values. The reduced hardness for 185B6O2Al2.65Ya material could also be 
connected to the decomposition of boron oxide rich phases at this temperature. The 
trend of the densities obtained and the observed microstructures are an indication that 
these composites are somewhat densified via liquid phase sintering. Nevertheless, the 
sintering mechanism cannot be fully described as the traditional liquid phase sintering 
since there were no evidence of grain boundary wetting and these boundaries had 
clean interfaces (Figure 5.14c). Based on the above findings, all the other B6O 
composites containing Al2O3, Y2O3, and SiO2 additives were hot pressed at 1800oC. 
 
The influence of the amount and ratio of Al2O3, Y2O3, and SiO2 additives on 
densification was studied. The densities obtained for the various composites are given 
in table B1 (Appendix B). As mentioned earlier, two different hot pressing profiles 
were used. For the first hot pressing profile, the furnace was heated to 1600oC at 
15oC/min and dwelled at this temperature for 20 minutes to apply a maximum 
pressure of 30 MPa. It was then heated up to 1800oC at 10oC/min for 20 minutes at 
which time the pressure was increased to 50 MPa. The furnace was cooled afterwards 
at 20oC/min to room temperature (see figure 4.6 and table 4.3). For the second hot 
pressing profile the furnace was heated to 1800oC at 20oC/min for 20 minutes. During 
heating, the temperature was held at 1400oC for 5 minutes to apply the pressure (50 
MPa). This means that the second hot pressing profile had less time (about 2.5 hrs) to 
sinter compared to first hot pressing profile due to the faster heating rate and 
therefore grain growth is reduced. Additionally, hot pressed materials were under 
pressure for longer time for the second hot pressing profile compared to the first.  
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With these differences in the two hot pressing profiles in mind, it was observed that 
materials produced using the first hot pressing profile resulted in less dense materials. 
This is an indication of a strong dependence of densification on pressure. For 
instance, a density of 2.41 g/cm3 was measured for 18B6O1Al1.32Ya material using 
the first hot pressing profile whilst 2.54 g/cm3 was measured for 18B6O1Al1.32Yb-2 
material using the second hot pressing profile. Porosities measured using the first hot 
pressing profile were also higher and the microstructures also looked less densed (see 
figure 5.13). Similar densification results were obtained for all the other hot pressed 
materials.  
 
Figure 6.4 shows the densities of B6O composites sintered at 1800oC as a function of 
the volume content of oxide additives. Materials produced using the second hot 
pressing profiles are considered in this case. The sharpest increase in density takes 
place by adding the smallest amount of additives. Thereafter, increasing the volume 
fraction of additive only slightly changes the densification behaviour. The differences 
between the measured density and the theoretical densities in figure 6.4 are within the 
uncertainty limits (i.e. changes in decomposition and composition of the grain 
boundaries since the rule of mixtures was used to calculate the theoretical densities). 
The densification behaviour was similar for the other two mol ratios of Al2O3:Y2O3. 
Figure 6.5 shows the relationship between theoretical densities and mol fraction of 
Al2O3 for different volumes of additives in the composites. For smaller volume 
content of additives (2.72 volume % content), densification decreased slightly with 
increasing mol fraction of Al2O3 in the additives. For 3.87 volume % content of 
additives, densification increased up to 62 mol % of Al2O3 in the additives and then 
remains constant. According to the phase diagram shown in figure 6.3 the formation 
of liquid phase is strongly dependant on the B2O3 content. In Al2O3 rich composition, 
Al18B4O33 is formed besides the glassy phase.  
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Figure 6.4: Density of B6O composites hot pressed at 1800oC as a function of volume content of 
additives (62 mol % Al2O3:38 mol % Y2O3). Density of pure B6O sintered at 1800oC was taken from 
the work of Shabalala (16). 
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Figure 6.5: Graph of mol % of Al2O3/(Al2O3+Y2O3) versus theoretical density for different volume 
content of additives. 
 
There was more segregation of Y2O3 in the Al2O3-rich materials than there was in 
composites containing less Al2O3 and Y2O3 (see figure 5.13). The pockets of glassy 
phases in these microstructures were analysed more closely using energy dispersive 
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X-ray analysis (EDX) and were found to contain higher content of Y2O3. 
Backscattered SEM image of B6O composite containing 2.87 wt% Al2O3 and 3.75 
wt% Y2O3 (18B6O2.87Al3.75Yb-1) showing segregation of grain boundary phase is 
shown in figure 6.6a. EDX spectrum of this glassy pocket is also shown in figure 
6.6b. 
 
 a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 6.6: (a) Backscattered (SEM) image of 18B6O2.83Al3.75Yb-1. (b) EDX analysis of spot ‘x’ in 
segregated region in 18B6O2.83Al3.75Yb-1 material showing that segregation of grain boundary 
phase. 
 
 
XRD patterns of the composites containing Al2O3/Y2O3 with mol ratios 62/38 and 
50/50 did not show any crystalline grain boundary phases. In materials with high 
Al2O3 content, aluminium borates (Al18B4O33) were formed. The formation of 
Al18B4O33 agrees with the thermodynamic equilibrium calculations presented in 
Chapter 3 (Section 3.3.4). In the presence of B2O3, Al2O3 reacts with B2O3 forming 
aluminium borates according to the calculated Al2O3-B2O3 phase diagram shown in 
figure 3.9. The type of aluminium borate formed will depend on the amount of Al2O3 
and/or B2O3 available for the reaction to take place.  
 
x 
Chapter 6: Discussion 
~ 141 ~ 
 
For B6O composites containing Al2O3, Y2O3, and SiO2, it is important to consider the 
phase diagram for these three additives in order to explain the densification 
behaviour. The phase diagram for this system is shown in figure 6.7.  
 
Figure 6.7: Y2O3-Al2O3-SiO2 phase diagram (83). Compositions indicated are Xa 2 wt% Al2O3, 2.65 
wt% Y2O3; Xb 2 wt% Al2O3, 2.65 wt% Y2O3, 1 wt% SiO2; Xc 2 wt% Al2O3, 1 wt% SiO2. 
 
 
The phase diagram shows that when 1 wt% SiO2 is added to a system containing 2 
wt% Al2O3 and 2.65 wt% Y2O3, for instance, the melting point of the sintering 
additive is lowered from 1940oC (2wt%Al2O3-2.65wt%Y2O3 composition) to 
between 1600 and 1700oC (2wt%Al2O3-2.65wt%Y2O3-1wt%SiO2 composition). This 
means that when the composite is sintered at 1800oC there is enough liquid phase 
present to accelerate mass transport which improved densification. Of course the 
presence of B2O3 in this system will further lower the melting point strongly since the 
Xa 
Xb 
Xc 
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melting point of B2O3 is much lower. Hence, nearly full densification was achieved 
for Al-Y-Si-doped B6O composites. TEM results showed that there is incorporation 
of boron into the glassy phase. As mentioned earlier, the presence of boron stabilises 
the glassy phase and prevents the formation of crystalline phases. The high amount of 
liquid phase during sintering explains why XRD peaks for these composites were 
sharper (crystalline) compared to the composites containing only Al2O3 and Y2O3 as 
sintering additives. The formation of high amount of liquid phase during sintering 
also resulted in exaggerated grain growth for higher SiO2 content (see figure 5.21) 
and therefore lower hardness values were obtained for these materials in comparison 
to materials without SiO2 addition. B6O composite containing Al2O3 and SiO2 
(18B6O2Al1Sia) was hot pressed at 1800oC under a pressure of 50 MPa for 20 
minutes. From the phase diagram, the addition of 1 wt% SiO2 to 2 wt% Al2O3 lowers 
the melting point from 2040oC (2 wt% Al2O3 addition) to between 1800 and 1900oC 
(with 1 wt% SiO2 addition). The presence of B2O3 will still lower the melting point of 
this system. Surprisingly, low density was measured for this composite material 
suggesting very little B2O3 present in the starting powder.  
 
In the post heat treatment of selected materials (18B6O1Al1.32Yb-2, 
18B6O2Al2.65Yb-2, 18B6O2.87Al1.58Yb, and 18B6O2Al2.65Y1Sib), the extent of 
decomposition was measured by means of weight loss measurement. Materials were 
heat treated at 1250oC for 10 hours in argon atmosphere. For 18B6O1Al1.32Yb-2, no 
decomposition was observed and the measured density did not change after heat 
treatment. Only slight decomposition was observed for the other materials. The 
densities however remained almost the same. This means that decomposition is high 
for high Al2O3 content and therefore decomposition of Al2O3 and silicates are the 
main reason for the slight weight losses observed. XRD analyses before and after heat 
treatments showed no phase change and no crystalline phase was formed after the 
heat treatment. 
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B6O composites containing Al2O3 were densified to nearly theoretical densities by 
hot pressing at 1900oC under a pressure of 50 MPa for 20 minutes. This is 100oC 
higher than for Al-Y-Si-doped B6O composites. Al2O3 was expected to react with the 
existing B2O3 on the surfaces of B6O particles during sintering. Densities more than 
97% of theoretical densities were achieved. Sharp increase in densification was 
observed up to 1.2 volume fraction of additive content (Figure 6.8). Thereafter, 
increasing the amount of additive did not have strong influence of the densification 
behaviour. It was found out that an increase in the amount of Al2O3 could result in 
scattering of the measured densities (16). This is due to decomposition of Al2O3 at high 
temperatures. 
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Figure 6.8: Density of B6O composites hot pressed at 1900oC as a function of volume content of Al2O3 
additive. 
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Densification of B6O composites containing Al2O3 could also be explained with the 
help of Al2O3-B2O3 phase diagram shown in figure 6.9. Thermodynamic equilibrium 
calculations for B6O-Al2O3 system indicate that an oxide liquid containing Al2O3 and 
B2O3 is in equilibrium with B6O and Al18B4O33 (Figure 3.8). The existing B2O3 on the 
surface of the starting B6O powder and the Al2O3 added formed aluminium borates, 
and at high temperatures an oxide liquid. This liquid could recrystallise to form 
Al2O3-B2O3 compounds during cooling. The type of aluminium borate formed would 
depend on the ratio of Al2O3 to B2O3 in the liquid. According to the phase diagram 
(Figure 6.9), a liquid phase is formed at about 1200oC if the Al2O3/B2O3 mol ratio is 
between 9:2 (Al18B4O33) and 2:1 (Al4B2O9). All secondary phases are dissolved in the 
liquid at the incongruent melting point of Al18B4O33. Thermodynamic calculations 
presented in Chapter 3 indicate that the addition of Al2O3 lowers the partial pressure 
of boron containing compounds by a factor of 2 at 1900oC. This helps to stabilise the 
liquid phase during sintering. This follows that the amount of B2O3 present will 
strongly affect densification of B6O composites as mentioned earlier in this section. 
Phase analyses (XRD) carried out on the hot pressed materials indicated the 
formation of Al18B4O33 and this borate phase has been confirm by TEM results by 
Kleebe et al. (87).  
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Figure 6.9: Al2O3-B2O3 phase diagram (83). 
 
 
The B6O composite produced by the addition of TiC was not as dense as Al-Y-Si-
doped and Al-doped B6O composites. A material with a density 96% of theoretical 
was obtained. This material was hot pressed at 1900oC under a pressure of 50 MPa 
for 20 minutes (100oC higher than Al-Y-Si-doped composites). On the contrary, the 
addition of TiB2 resulted in nearly full densification with about 100% of the 
theoretical density achieved. The reason for the reduced densification in TiC-B6O 
composite is due to the strong decomposition of TiC at high temperatures leading to 
the formation of TiB2. Details of the reactions involving TiC, B6O and B2O3 are 
presented in Chapter 3. For higher amounts of TiC, a stronger decomposition takes 
place which results in reduced densification. Therefore the addition of TiC is only 
recommended in small amounts less than 5 wt%. At high temperatures (> 1500oC) 
Hot pressing 
temperature (1900oC) 
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TiB2 is the most thermodynamically stable phase which is the reason for the high 
density obtained for this material.  
 
B6O composite was also produced using Pd as additive. This material (19B6O5Pd) 
was hot pressed at 1600 and 1900oC under a pressure of 50 MPa for 30 minutes. 
Melting of Pd and B2O3 present on the surfaces of B6O particles takes place below 
1200oC (Figure 6.10). This improved densification due to liquid phase sintering. The 
formed liquid recrystallises during cooling forming Pd2B at the grain boundaries. The 
type of Pd boride formed will depend on the amount of boron dissolved in Pd. SEM 
investigations revealed that one end of the sample was boron-rich whilst the other end 
was Pd-rich. The reason for the precipitation of boron in the sample is not completely 
clear. It could be connected with inhomogeneous temperature distribution in the 
furnace. A good combination of properties has been achieved by lowering the volume 
content of Pd (2 vol. %) and sintering temperature (1800oC). The properties of this 
material are given in table 5.9. 
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Figure 6.10: Phase diagram for Pd-B system (83). 
 
 
 
6.3 Relationship between microstructure and hardness 
Mechanical properties for ‘pure’ B6O hot pressed materials are given in table 5.2. The 
grain size of the hot pressed compacts could not be determined using SEM. 
Nevertheless, the starting mean particle size of B6O powders produced at Wits (d50 = 
4.59 µm) was higher than those milled for 30 hours (d50 = 0.4 µm). Assuming that 
there is little B2O3 on the surfaces of B6O particles and therefore no grain growth 
during hot pressing, the results obtained in this work indicate that the hardness of the 
hot pressed ‘pure’ B6O depends on the grain sizes (Figure 6.11). This is in accordance 
with what has been predicted by the Hall-Petch relationship which depicts a decrease 
in hardness with increase in grain size in sintered compact.  
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Figure 6.11: Vickers microhardness (Hv0.5) of ‘pure’ B6O hot pressed materials. 
 
Figure 6.12 shows the differences in hardness of Al-Y-Si-doped B6O hot pressed 
composites measured using 5kg load. For comparison, materials produced from the 
second batch of milled powder have been used. In general, the hardness of ‘pure’ B6O 
material decreased from 35.6 GPa to 27.6 GPa with increasing amount of additive 
content due to the lower intrinsic hardness of the secondary phases formed. The 
hardness values of the Al-Y-doped B6O hot pressed composites were similar. The 
hardness values for Al-Y-Si-doped B6O composites were also found to be similar. 
Nevertheless, the macro-hardness values of the Al-Y-doped B6O composites were 
slightly higher than the Al-Y-Si-doped composited even though the measured 
densities were similar. This is due to the differences in composition of the grain 
boundaries as well as grain sizes of these composites. Grains sizes of sintered Al-Y-
Si-doped composites were higher than that of Al-Y-doped composites.  
 
Figure 6.13 shows the relationship between hardness and volume content of oxide 
additives for the different Al2O3:Y2O3 mol ratios. Generally, as the volume content of 
additive was increased, the hardness decreased for all Al2O3:Y2O3 mol ratios. This is 
due to the intrinsic low hardness values of the secondary phases formed. 
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Figure 6.12: Vickers hardness of Al-Y-Si-doped B6O composites measured using 5kg load. 
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Figure 6.13: Vickers microhardness (Hv0.5) as a function of volume content of additives for the various 
Al2O3:Y2O3 mol ratios. 
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The hardness decreased strongly for 50% mol fraction of Al2O3 in the additives 
followed by 80% mol fraction of Al2O3 in the additives with SiO2 addition. 
Composite containing 62% mol Al2O3 in the additives did not show strong reduction 
in hardness as the volume content was increased. Hardness also increased for higher 
volume content for composites containing SiO2 due to changes in the composition of 
the grain boundaries as compared to composites without SiO2 addition. The strong 
reduction in hardness for 50% mol fraction of Al2O3 in the additives could be 
connected with incomplete densification; and for 80% mol fraction, could be 
connected with decomposition of the oxide additive at sintering temperatures.   
 
Figure 6.14 shows the differences in hardness between the selected hot pressed B6O 
composites and their heat treated counterparts. It is clear that the hardness after heat 
treatment increased. The increase in hardness cannot only be attributed to the 
decrease in the amount of the grain boundary phase due to decomposition since the 
densities after heat treatment remained almost the same. The increase in hardness in 
this work is believed to be connected with the change in composition of the grain 
boundary phases during heat treatment. The grain boundary composition could 
change from being Al2O3-rich to Y2O3-rich. These phases have difference crystal 
structures and therefore will have different hardness values. The exact hardness 
values of these phases could not be determined in this work.  
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Figure 6.14: Graph comparing the hardness of as hot-pressed B6O composites with those which were 
heat treated at 1250oC for 10 hours in argon atmosphere. Hardness values were measured using 5kg 
load. 
 
For B6O composites containing Al2O3, it was observed that the hardness decreased 
(Figure 6.15) when the amount of Al2O3 was increased. The decline in hardness is 
due to the increasing amounts of secondary phases at the grain boundaries which are 
less hard compared to B6O. Kleebe et al. (87) also found out that the decrease in 
hardness could also be connected with the residual porosities near the aluminium 
borate phase as a result of stresses created due to the differences in thermal expansion 
coefficient at the B6O/Al18B4O33 grain interface or by low chemical stability of the 
boron-rich phases. The hardness of 19B6O5TiCa and 19B6O5TiB2a materials 
decreased strongly compared to 19B6Oa. The strong reduction in hardness produced 
in this work could be connected with the Al impurities introduced during mixing of 
the powders which formed Al18B4O33 besides TiB2 and B6O. The low hardness values 
are still strange since high hardness (Hv0.4 = 37.4 GPa) was recorded for a B6O 
composite material containing 2 wt% Al2O3, 2 wt% Y2O3 and 10 wt% TiB2 produced 
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at IKTS (85). More detailed investigations are necessary to understand the 
densification behaviour of these materials. The reduced hardness of 19B6O5Pd is due 
to the high amount of binder phase introduced. A higher hardness was achieved when 
the volume content of Pd was reduced (see table 5.11). 
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Figure 6.15: Vickers hardness of other B6O composites measured using 5kg load. 
 
 
The hardness values obtained for the materials produced in this work are very good 
considering the fact that is was measured using a load of 500g. For a single crystal 
B6O produced by He et al. (9), a microhardness of 45 GPa was measured using a load 
of 100g. It must be mentioned here that the hardness of a single crystal is higher than 
that of a sintered compact due to the presence of weaker grain boundaries. It can be 
observed from figure 6.16 that the hardness values of hot pressed ‘pure’ B6O 
produced in this work were higher than that produced by Itoh et al. (3) who used high 
pressure techniques. Hardness values obtained in this work could also be compared 
with hardness values obtained by Kayhan and Inal (5). The hardness value obtained by 
Shabalala (16) is slightly lower than that measured for 19B6Ob material. This is 
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connected with the reduced grain sizes of B6O powder used in this work. The grain 
size of the sintered compact produced by Shabalala was between 2 and 10 µm 
whereas the grain size of 19B6Ob material is less than 1 µm. The Vickers hardness of 
19B6Ob material was also higher than that produced by Goosey and Anderson (52) 
(KH0.1 = 30 GPa), Petrak et al. (38) (KH0.1 = 30.4 GPa), and Bairamashvili et al. (53) 
(KH0.1 = 32 GPa). The wide variation of hardness values reported for B6O is due to 
the different ways of producing the sintered compacts. The most obvious reasons for 
the variation in hardness values are differences in sintering temperature, pressure, 
impurities introduced during sintering, and sintering time. These could affect the 
densification of the resulting sintered materials. The process route for synthesising 
B6O can also affect its stoichiometry which will subsequently affect the hardness of 
the sintered compacts. 
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Figure 6.16: Comparing Vickers hardness values of ‘pure’ B6O sintered compacts obtained in this 
work and those obtained by other researchers. Loads used are shown on top of the bars. * High 
pressure techniques. 
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It is also important to note that hardness measurement could be done on B6O 
composites produced in this work using 5kg load. Measurement values reported for 
B6O composites have been carried out using a maximum of 200g load, except for 
Shabalala who reported hardness values using 0.5 and 5kg loads. Figure 6.17 
compares some of the hardness values reported for B6O composites produced by 
other researchers. The composition of the doped materials has been given in brackets. 
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Figure 6.17: Microhardness of 18B6O2Al2.65Yb-2 composite material compared to microhardness 
obtained by other researchers. Loads used are shown on the graph. 
 
 
It is clear from figure 6.17 that the hardness value obtained in this work is 
encouraging. The high microhardness obtained by Itoh et al. and Sasai et al. was 
because of the relatively hard secondary phases in the composites. Both found that 
neither solid solutions nor new compound was formed under the sintering conditions 
and that the sintered composite consists of the mixed phases of B6O and B4C, cBN, 
and diamond respectively. B4C, cBN and diamond are all ultrahard materials 
High pressures 
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compared to aluminium borates formed in composites produced in this work as well 
as the work of Kayhan and Inal and Shabalala. Even though very high hardness 
values were recorded for composites produced by Itoh et al. and Sasai et al., their 
corresponding toughness values were very low. 
 
 
6.4 Relationship between microstructure and fracture toughness 
Fracture toughness of a single crystal B6O was found to be 4.5 MPam1/2 (9). ‘Pure’ 
B6O sintered compact is however known to be brittle. The reason for the very low 
toughness is not understood. Fracture toughness values reported in this work were 
measured using 5kg load. SEM image showing indentation made with 5kg load on 
Al-Y-doped B6O composite is shown in Appendix D (Figure D7). 19B6O and 
19B6Ob materials hot pressed in this work were measured using 1 and 0.5kg load. 
Increasing the load above 1kg caused chipping of the B6O crystals. Therefore fracture 
toughness was not measured for these materials. Nevertheless, toughness 
measurement was carried out on 19B6Oa material using a load of 5kg and was found 
to be 3.3 MPam1/2. Toughness measurement was possible because of the relatively 
high concentrations of Fe and Cr impurities in this material which formed boride 
secondary phases in the hot pressed compact. It must be mentioned here that the 
material showed a high scattering in the properties measured with partial chipping 
during indentation. Figure 6.18a shows the indentation crack path in 19B6Oa material 
using 5kg load. Fracture was mainly transgranular. Phase analysis using XRD 
technique identified the secondary phases to be FeB and CrB2.  
 
Fracture toughness values obtained for B6O composites produced from the first batch 
of milled powder were higher than those produced from the second batch of milled 
powder due to the high concentrations of Fe and Cr in the former. This makes sense 
because before even adding sintering additives, the fracture toughness of ‘pure’ B6O 
hot pressed from the first batch of milled powder (19B6Oa) was 3.3 MPam1/2. 
Therefore the addition of small amount of transition metal boride additives would 
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result in fracture toughness values higher than 3.3 MPam1/2 but with minor effect on 
hardness. Figure 6.19 compares the effect of Fe and Cr contaminations (as a result of 
milling) on the fracture toughness of the composites produced from the different B6O 
powders. It is clear from this figure that Fe and Cr contaminations increased the 
toughness of composites prepared from the first batch of milled powder in 
comparison to the second batch of milled powder.  
 
 
  
  
Figure 6.18: Indentation crack path on a polished ‘pure’B6O and B6O composites using 5kg load. 
 
a) 19B6Oa b) 18B6O2Al2.65Yb-1 
c) 18B6O2.87Al1.58Yb d) 18B6O2Al2.65Y1Sia 
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Figure 6.19: Effect of Fe and Cr concentrations in starting B6O powders (due to milling) on fracture 
toughness values obtained for sintered composites. Measurements were done using 5kg load. Fracture 
toughness of 19B6O containing 0.034 wt% contamination was not measured due to chipping of the 
B6O crystals upon application of load. 
 
Beside the differences arising from the different concentrations of Fe and Cr 
impurities in B6O powder as a result of milling, fracture toughness of the different 
Al-Y-doped B6O hot pressed composites were similar. Figure 6.20 shows the fracture 
toughness of the different Al-Y-doped B6O composites whilst figure 6.21 compares 
the fracture toughness of these composites with changes in the volume content of 
oxide additives. Fracture toughness increased sharply for small addition of oxide 
additives after which no increase in toughness was observed when additive content 
was increased. This is due to the similarity in grain sizes and grain boundary structure 
in the different hot pressed materials. Nevertheless, there is significant increase in 
fracture toughness compared to the ‘pure’ B6O hot pressed material (19B6Ob) which 
was brittle. The grain boundary phases were found to be amorphous and similar in all 
hot pressed materials with segregations of yttria in higher additive content. 
Segregations of yttria could also be the reason why the fracture toughness did not 
increase for higher volume content of additives. 
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Figure 6.20: Fracture toughness values of Al-Y-doped B6O hot pressed composites. Measurements 
were done using 5kg load. 
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Figure 6.21: Dependence of fracture toughness on the volume content of Al-Y oxide additives (the 
mole ratios in the additives are given). 
 
Chapter 6: Discussion 
~ 159 ~ 
 
The fracture toughness values of Al-Y-Si-doped B6O composites were also similar 
(Figure 6.22). Figure 6.23 compares the variation in fracture toughness as the volume 
content of additive is increased for 62 and 80 % mol fractions of Al2O3 in the 
additives. The fracture toughness increased with increasing volume content of 
additives. The 80% mol fraction of Al2O3 in the additives had higher fracture 
toughness than the 62% mol fraction of Al2O3 in the additives. No segregation of the 
grain boundary was observed in high additive content compared to Al-Y-doped B6O 
composites. Nevertheless, grain growth was observed, at least for higher SiO2 
content. The grain boundary phases therefore indirectly influence the fracture 
toughness of these composite.  
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Figure 6.22: Fracture toughness values Al-Y-Si-doped B6O hot pressed composites. Measurements 
were done using 5kg load. 
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Figure 6.23: Dependence of fracture toughness on the volume content of Al-Y-Si oxide additives (the 
mole ratios in the additives are given). 
 
 
SEM images of the crack paths of polished Al-Y-doped and Al-Y-Si-doped B6O 
composites are shown in figure 6.18. Additional images are given in Appendix D 
(Figure D8-9). It was observed that the improvement of fracture toughness is caused 
by crack deflection and bowing of the propagating cracks. It must be mentioned here 
that not all cracks were deflected. Crack deflections observed do not follow along 
grain boundaries and therefore cannot be considered as intergranular fracture. 
Fracture was predominantly transgranular.  
 
Facture toughness values obtained for B6O composites containing Al2O3 were very 
good. These composites were produced from the first batch of milled powder. Figure 
6.24 compares the fracture toughness values obtained for Al-doped B6O composites. 
As the amount of Al2O3 increased the fracture toughness decreased. This is surprising 
since one expects the toughness to increase with increasing Al2O3 content since 
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aluminium borates formed is less hard compared to B6O. The corresponding hardness 
decreased with increasing amount of Al2O3 addition (Figure 6.15). The only reason 
for the reduced toughness is due to the strong decomposition reaction at the sintering 
temperature (1900oC). This decomposition reaction increases with increasing amount 
of Al2O3 in the form of Al2O as shown in Chapter 3. The decomposition reaction is 
also affected by the amount of B2O3 present in the starting powder. Nevertheless, the 
fracture toughness values recorded were still high.  
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Figure 6.24: Fracture toughness of Al-doped B6O composites showing a decrease in toughness as the 
volume content of Al2O3 is increased. 
 
The fracture toughness of B6O composites containing TiC and TiB2 were very good. 
A toughness of 4.3 MPam1/2 was recorded for B6O-TiC composite whilst 6.7 
MPam1/2 was recorded for B6O-TiB2 composite. The increase in toughness may be 
attributed to the composition of the grain boundary phase which comprises of Fe, Cr, 
Ti, and B. Fracture toughness obtained for Pd-doped B6O composite was very high 
(13.5 MPam1/2), probably the highest recorded so far for B6O-based composites. 
Nevertheless, the hardness dropped to 22 GPa due to the high amount of Pd used. 
Good combination of hardness (28 GPa) and fracture toughness (5.1 MPam1/2) was 
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obtained when 2 vol. % of Pd was used. Pd2B was formed at the grain boundaries. It 
is believed that the grain boundary composition increased the toughness of this 
composite. 
 
6.4.1 Toughening mechanisms 
Observations made in section 6.4 reveal that fracture toughness was increased by 
addition of small amount of additive content after which any increase in volume 
content does not result in further improvement of the toughness values. Different 
fracture mechanisms such as crack deflection due to bimetallic stresses, or due to 
crack arrest in the secondary phase (e.g. pore), or due to the changes in the grain 
boundaries between B6O grains can be proposed for the different B6O composites 
produced. Figure 6.25 shows schematic diagrams of the different toughening 
mechanisms. Fracture toughness enhancement observed in the materials studied in 
this work could be due to a combination of these different mechanisms. 
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Figure 6.25: Schematic diagram of different fracture mechanisms that can be proposed for B6O 
composites produced in this work. (a) Crack deflects either along the grain boundaries or along the 
twin boundaries in B6O grains. (b) Crack arrested by pore near the grain boundary. (c) Crack 
deflection towards the particle due to mismatch in thermal expansion coefficients (αp < αm) between 
the particle and B6O matrix. (d) Crack deflection around the particle due to mismatch in thermal 
expansion coefficients (αp > αm) between the particle and B6O matrix. 
 
 
Crack deflections and bowing could be observed in figures 6.18 and D9. Such 
phenomena can be explained by stresses that exist in the composites. The B6O matrix 
has different thermal expansion coefficient (CTE) with the secondary phases. Taking 
B6O and TiB2 for example, the CTE values are 5.56 x 10-6 and 8.1 x 10-6/oC, 
respectively (53)(88). Large internal stresses would form when the composite is cooled 
down from sintering temperature. The internal stresses could be calculated using 
equation 6.1 (89). 
 
a b 
c d 
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where αm,s = thermal expansion coefficients of matrix (B6O) and the secondary phase 
(TiB2). 
∆T = change in temperature at which sufficient softening occurs to alleviate the 
stresses (~1000oC) 
sm,ν = Poison ratios of matrix (B6O ~ 0.197) and secondary phase (TiB2 ~ 0.1-0.15) 
smE , = Elastic moduli of matrix (B6O ~ 540 GPa) and secondary phase (TiB2 ~ 366.9 
GPa) (90) 
 
 
This gives a stress of between 770 – 840 MPa. Properties of B6O were taken from 
Shabalala (16). This reveals high compressive stress to B6O matrix. Transgranular 
fracture was observed in the sintered composites and in some cases cracks were 
deflected. This is an indication that the binding forces between grain boundaries were 
so strong that cracks tend to advance transgranularly and this can consume more 
energy. Bowing of propagating crack could also be observed when the B6O grain 
undergoes compressive stresses. Additionally, the presence of twin boundaries in B6O 
crystals, which is a characteristic of boron compounds, can make major cracks deflect 
and branch, and also make the development of main cracks consume more energy as 
shown in schematic diagram (Figure 6.25a). Consequently, these materials showed 
high toughness. 
 
The high toughness in Al-doped composites is due to the formation of Al18B4O33. 
Tensile stresses of between 1380 – 1700 MPa would exist between B6O/Al18B4O33 
interface (assuming the following Al18B4O33 properties: E = 400 GPa; CTE = 1.9 x 
10-6/oC; and ν = 0.2 - 0.3) (91). This stresses could deflect propagating crack towards 
the particle as shown in figure 6.25c. However, crack deflection is not likely because 
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around Al18B4O33, pores are formed due to shrinkage during crystallisation (87). These 
small pores act as crack-arrest sites (see figure 6.25b) and therefore improve fracture 
toughness. Additionally, TEM investigations did not show any internal stresses in Al-
doped materials. As analysed above, it is believed that fracture enhancement is due to 
a combination of these mechanisms. 
 
A good combination of fracture toughness and hardness were obtained in this work. 
Figure 6.26 compares the fracture toughness and hardness values of selected 
composites obtained in this work to those obtained by other researchers. Fracture 
toughness has been enhancement by the introduction of secondary phases to the B6O 
matrix with small reduction in hardness. The reason for the increase in fracture 
toughness could be due to many reasons such as crack deflection due to bimetallic 
stresses, or due to crack arrest in the secondary phase, or due to the solidification of 
the secondary phases between B6O particles being present as films or by many other 
mechanisms. The additives used had the potential of removing the B2O3 present at the 
surfaces of B6O particles thereby forming other phases that cause bimetallic strain 
toughening at the grain boundaries. 
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Figure 6.26: Comparison of fracture toughness and hardness values of doped B6O composites 
produced in this work and those produced by other researchers. Mechanical properties of other 
ultrahard materials have also been included for comparison (92). The data of Kayhan and Inal (5) were 
not used because they are doubtful (see pages 24-25). 
 
 
6.5 Relationship between microstructure and elastic properties 
The elastic properties of hot pressed B6O composites namely, 18B6O1Al1.32Yb, 
18B6O2Al2.65Yb, 18B6O2.87Al1.58Yb, and 18B6O2Al2.65Y1Sib were measured 
and the results were presented in section 5.7. The elastic moduli of the hot pressed 
materials are between 429 and 462 GPa. Similarly, the shear moduli are between 183 
and 200 GPa whilst the bulk moduli are between 207 and 249 GPa (Table 5.10). As 
the additive content (Al2O3) increased, the elastic properties of the hot pressed 
composites decreased. Hot pressed composite containing 2.87 wt% Al2O3 and 1.58 
wt% Y2O3 (18B6O2.87Al1.58Yb) recorded the least of the elastic constants.  
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By first approximation, the elastic modulus of a composite is given by the rule of 
mixtures as described in equation 6.2 (64): 
 
E = E1V1 + E2V2 + .......... + EiVi      [6.2] 
 
Thus each phase contributes according to its volume fraction, Vi. Figure 6.27 and 
6.28 shows the relationship between the volume content of oxide additives and the 
measured elastic constants. It is evident that the elastic constants decreased with 
increasing volume content of additives. A strong reduction in elastic constants was 
observed for 18B6O2.87Al1.58Yb material. Microstructural observations showed 
some segregated grain boundary phases in this material (see figure 5.13). This could 
be the reason why lower elastic constants were measured for this material.  
 
SiO2 addition increased the elastic properties slightly (compare 18B6O2Al2.65Yb and 
18B6O2Al2.65Y1Sib) due to changes in the grain boundary composition. The 
densities obtained for these materials were similar with no clear trend. It is expected 
that even small amount of SiO2 addition could form silicates which could affect the 
elastic constants of the hot pressed composites.  
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Figure 6.27: Relationship between elastic modulus and volume content of oxide additives for Al-Y-Si-
doped composites. 
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Figure 6.28: Relationship between shear and bulk moduli and volume content of oxide additives for 
Al-Y-Si-doped composites. 
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The elastic modulus measured for hot press ‘pure’ B6O material produced by 
Shabalala (16) was 540 GPa. This value decreased linearly with increasing Al content. 
For instance, the elastic modulus decreased from 540 GPa for ‘pure’ B6O to 514 GPa 
upon adding 2.2 wt% Al. Similar trends were observed for the shear and bulk moduli 
data. The elastic modulus obtained by Shabalala with 2.2 wt% Al (514 GPa) is higher 
than values obtained in this work but similar to that obtained for the composite with 
3.7 wt% Al (467 GPa). The secondary phase which was mainly Al18B4O33 has elastic 
modulus of 400 GPa. In the case of Al-Y-doped B6O, amorphous phase was formed. 
Nevertheless, the structure could be close to YAG (93) with elastic modulus in the 
range of 290 - 308 GPa (94)(95). Thus, by using the rule of mixtures (equation 6.2) the 
high elastic modulus recorded by Shabalala can be expected.  
 
The elastic modulus of hot pressed B6O obtained by Goosey and Anderson (52) was 
483 GPa slightly higher than what has been determined in this work. This material 
had a measured density of 2.6 g/cm3. Petrak et al. (38) and Bairamashvile et al. (53) 
reported elastic modulus of 470 and 440 GPa respectively, similar to the values 
recorded in this work. Thus compared to the values recorded for pure B6O, the elastic 
properties recorded for B6O composites produced in this work are encouraging. The 
wide difference in elastic modulus for pure B6O could be attributed to the different 
densities and defects in the microstructures. These defects could be porosities, 
impurities in the starting powder, and composition of the grain boundary which is 
mainly B2O3. Porosities are considered as secondary phase with zero modulus. B2O3 
has elastic modulus of 20 GPa (96) and can significantly decrease the elastic modulus 
if its content is high. Since the content of B2O3 is difficult to quantify, it can result in 
differences in elastic properties, even if B6O is sintered under the same conditions. A 
number of studies have shown that the shape of the pores also affects the elastic 
constants. 
 
There are several observations which attempt to establish correlation between 
hardness and one single elastic property such as bulk modulus (97) or shear modulus 
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(98)
. After comparing the measured values of hardness in a set of hard materials with 
their corresponding shear moduli, Teter discovered that hardness increases 
approximately with increasing shear moduli (99). Haines et al. (100) also established a 
direct relationship between bulk modulus and hardness for non-metallic materials. A 
graph of microhardness as a function of elastic constants for the selected materials is 
shown in figures 6.29 and 6.30. From these figures, the relationships between 
hardness and at least elastic and bulk moduli agree reasonably well with what has 
been proposed by Haines et al. 
 
It can be concluded that for fully densed microstructure, the elastic properties were 
found to be related to the grain boundary phase composition. Segregation in the 
microstructure resulted in lower elastic properties. The elastic moduli data determined 
were used to calculate the indentation fracture toughness values of the composites.  
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Figure 6. 29: Relationship between microhardness and elastic modulus for the selected composites 
(18B6O1Al1.32Yb, 18B6O2Al2.65Yb, 18B6O2.87Al1.58Yb, and 18B6O2Al2.65Y1Sib). 
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Figure 6.30: Relationship between microhardness and shear/bulk moduli for the selected composites 
(18B6O1Al1.32Yb, 18B6O2Al2.65Yb, 18B6O2.87Al1.58Yb, and 18B6O2Al2.56Y1Sib).    
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7 Conclusions and Recommendations 
 
Thermodynamic properties of boron suboxide (B6O) have been estimated up to 2300 
K and used to calculate the equilibrium phase composition of B6O in different 
systems. The data has allowed predicting the stability of the liquid and crystalline 
phases formed during sintering. Therefore, this can form the basis for the search of 
new sintering additives that would allow the sintering of B6O composites at lower 
temperatures. From the thermodynamic calculations carried out in this work (Chapter 
3), it has been shown that B6O can be liquid phase sintered using a wide range of 
oxide sintering additives.  
 
Before hot pressing experiments, B6O powders were milled in an attrition mill to 
reduce to particle sizes down to submicron range. Optimum milling conditions were 
30 hours milling time in propan-1-ol using 2.5 mm diameter steel balls. The average 
particle size obtained was 0.4 µm. Impurities introduced during milling were acid 
washed in HCl and the remained impurities were quantified using chemical analysis 
(ICP-OES). The reduction in the particle sizes of B6O before hot pressing improved 
the mechanical properties especially, hardness of the ‘pure’ hot pressed B6O 
compacts. 
 
Boron suboxide (B6O) composites were hot pressed using various additives. Most 
systems studied contain Al2O3-Y2O3-SiO2 additives. The Al2O3:Y2O3 mol ratios 
(80:20, 62:38, and 50:50) were weighted for different overall additive content. In 
addition to the above systems, TiC, TiB2, and Pd were also used as additives. These 
different compositions were hot pressed at temperatures ranging from 1600 – 1900oC, 
under 50 MPa, in argon atmosphere for 20 minutes.  
 
 
 
Chapter 7: Conclusions and Recommendations 
~ 173 ~ 
 
The following conclusions were made from this work: 
1. Dense (> 97% of theoretical) ‘pure’ B6O hot pressed compacts were achieved with an 
average hardness of 35.6 GPa using 500g load. The hardness value is higher than that 
produced by Itoh et al. (3) who used high pressure techniques. This value can also be 
compared with hardness values obtained by Kayhan and Inal (5). The hardness value 
obtained by Shabalala (16) is slightly lower than what was obtained in this work due to 
the reduced grain sizes (Hall-Petch effect). The hardness recorded in this work is also 
higher than that produced by Goosey and Anderson (52) (KH0.1 = 30 GPa), Petrak et 
al. (38) (KH0.1 = 30.4 GPa), and Bairamashvili et al. (53) (KH0.1 = 32 GPa). The wide 
variation of hardness values reported for B6O is due to the different processing routes 
taken. The most obvious reasons for the variation in hardness values are differences 
in sintering temperature, pressure, impurities introduced during sintering, and 
sintering time. The fracture toughness was however low and agrees with what has 
been reported by other researchers (4)(7)(14)(16). 
2. More than 98% of theoretical densities were achieved for B6O composites hot pressed 
at 1800oC; a temperature lower than the one used to produce densed ‘pure’ B6O 
compacts (1900oC). Densifications at lower temperatures were possible due to the 
presence of liquid phase in equilibrium with B6O during hot pressing. The liquid 
phase accelerates mass transport thus effecting liquid phase sintering. 
3. Good combinations of properties were achieved for all B6O composites produced in 
this work (see figure 6.18). Vickers hardness ranging from 27 – 34 GPa and fracture 
toughness ranging from 3 – 7 MPam1/2 were obtained. Fracture toughness of B6O has 
been improved by addition of additives such as Al2O3, Y2O3, SiO2, TiB2, TiC, and Pd. 
The fracture toughness recorded in this work is the highest recorded for all B6O 
composites produced so far except values recorded by Kayhan and Inal (5). They 
reported a fracture toughness of 8.5 MPam1/2 for Al-doped B6O composite using a 
load of 100g. It must be mentioned here that even before infiltrating B6O with Al, the 
fracture toughness measured by Kayhan and Inal was very high (5.5 MPam1/2) and 
does not corroborate with the measured strength values. Additionally, they used a 
load of 100g whereas 5kg load was used in this work to measure fracture toughness. 
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The fracture toughness was also calculated from three-point bend testing with notch 
radius of 0.4 mm, making the results very doubtful. 
4. The fracture toughness of composites containing Al-Y and Al-Y-Si-doped systems 
appears not to be sensitive to the composition of the grain boundary phase changes 
compared to the hardness values. Transgranular fracture occurred in Al-Y-doped and 
Al-Y-Si-doped B6O composites. Fracture toughness has been enhanced by the 
introduction of secondary phases to the B6O matrix with small reduction in hardness. 
Fracture toughness increase could be due to different mechanisms such as crack 
deflection due to bimetallic stresses, or due to crack arrest in the secondary phase, or 
due to the changes in the grain boundaries between B6O grains. The additives used 
had the potential of removing the B2O3 present at the surfaces of B6O particles 
thereby forming other phases that causes bimetallic strain toughening at the grain 
boundaries. 
5. The observed microstructures indicate that with higher volume content in the 
material, there were segregations of the grain boundary phase. This also led to 
increased porosities and pull-outs in the microstructures.  
6. Post hot pressing heat treatment of selected composites resulted in slight increase in 
hardness and the corresponding fracture toughness being approximately the same. 
There were no marked changes in densities. Further work is necessary to understand 
the mechanism. 
7. The presence of B2O3 in the starting powders strongly affects the mechanical 
properties of the resulting hot pressed compacts due to the weaker grain boundary 
phase formed. Therefore the amount of B2O3 should be kept as low as possible. 
8. B6O was successfully doped with Pd and hot pressed. However, there were large 
pockets of liquid phase due to the very high hot pressing temperature used (1900oC) 
and long dwelling time. A fracture toughness as high as 13 MPam1/2 was obtained for 
this composite with a corresponding hardness of 22.5 GPa using 5kg load. Fracture 
mechanism is not completely clear. Further work is necessary to understand the 
toughening mechanism. Good combination of hardness (28 GPa) and fracture 
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toughness (5.1 MPam1/2) has been achieved with 2 vol. % Pd addition hot pressed at 
1800oC.  
9. Composites produced from TiC and TiB2 showed similar hardness values (Hv5 for 
19B6O5TiC is 26.7 GPa and Hv5 for 19B6O5TiB2 is 26.5 GPa). However, the fracture 
toughness of the latter material (4.3 MPam1/2) is lower than that of the former (6.7 
MPam1/2). Further investigations are necessary to understand the densification 
behaviour.  
 
In conclusion, the materials developed in this work are promising candidates for a 
new class of liquid phase sintered ultrahard materials produced without ultrahigh 
pressure. Doping with even small amount oxide additive resulted in a pronounced 
improvement in fracture toughness values. Properties obtained in this work are 
comparable to other hard materials used for cutting applications (e.g. amborite, 
DBC50 and Al2O3-TiC composite). Further optimization of the additive content, 
composition, and mechanical properties are needed to better understand the 
microstructure formation and toughness mechanisms existing in the materials. This 
will allow fabrication of B6O composite material for industrial applications such as 
cutting tool, drill bits, grinding wheels and abrasives.    
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Appendices 
Appendix A: Thermodynamic data for B6O 
 
Table A1: New thermodynamic date for B6O after corrections. Standard state: pure solid, liquid and 
ideal gas at 1 atm. 
__________________________________________________ 
            T(K)      Cp(J/K)          H(J)                 G(J)            S(J/K) 
 ______  ________  ___________  ___________  ________ 
            298.15    74.305       -527000.0       -538601.0       38.910 
            300.00    75.015       -526861.9       -538673.4       39.372 
            400.00   105.986      -517713.9       -543904.5       65.476 
            500.00   129.594      -505899.6       -551770.3       91.741 
                      600.00   150.304      -491889.0       -562226.1      117.228 
                        700.00   169.645      -475883.6       -575187.5      141.863 
                        800.00   184.940      -457984.0       -590573.3      165.737 
                        900.00   187.240      -439375.0       -608262.0      187.652 
                        1000.00   189.540      -420536.0       -628034.9      207.499 
                        1100.00   191.840      -401467.0       -649706.1      225.672 
                        1200.00   194.140      -382168.0       -673123.3      242.463 
                        1300.00   196.440      -362639.0       -698160.0      258.093 
                        1400.00   198.740      -342880.0       -724709.0      272.735 
                        1500.00   201.040      -322891.0       -752678.7      286.525 
                        1600.00   203.340      -302672.0       -781989.4      299.573 
                        1700.00   205.640      -282223.0       -812571.6      311.970 
                        1800.00   207.940      -261544.0       -844364.1      323.789 
                        1900.00   210.240      -240635.0       -877312.3      335.093 
                        2000.00   212.540      -219496.0       -911367.4      345.936 
   ________________________________________________________ 
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Appendix B: Summary of properties of all hot pressed materials 
Table B1: Summary of properties of all hot pressed composites. 
Material Al2O3:Y2O3 
mol ratio 
Density 
(g/cm3) 
Theoretical 
density 
(g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) 
Crystalline grain 
boundary phases Hv5 (GPa) Hv2 (GPa) Hv0.5 (GPa) 
KIC 
(MPa.m0.5)  
19B6Oa - 2.48 2.55 97.3 3.6 - 30.1±0.8 31.4±1.1 34.7±1.1 3.3±0.1 
19B6Ob - 2.48 2.55 97.3 1.1 - 35.7±1.6 (1kg) - 35.6±1.5 Brittle 
19B6O - 2.52 2.55 98.8 1.9 - 29.4±0.5 (1kg) - 32.3±1.4 Britlle 
18B6O1Al1.32Ya 62:38 2.41 2.57 93.8 3.2 - 30.4±1.8 29.8±1.7 31.4±1.9 5.4±0.3 
18B6O1Al1.32Yb-1 
18B6O1Al1.32Yb-2 
62:38 2.51 2.54 
2.57 
2.57 
97.7 
98.8 
3.0 
0.9 - 
28.8±0.8 
29.7±0.6 
- 
32.4±0.9 
- 
34.0±1.9 
4.7±0.6 
4.1±0.3 
175B6O2Al2.65Ya 62:38 2.27 2.59 87.6 5.9 - 16.6±2.1 - - 7.2±0.6 
18B6O2Al2.65Ya 62:38 2.53 2.59 97.7 1.6 - 29.7±1.4 29.6±0.7 30.7±1.0 6.2±1.0 
185B6O2Al2.65Ya 62:38 2.58 2.59 99.6 1.2 - 27.8±2.1 - 30.7±1.4 3.4±0.1 
18B6O2Al2.65Yb-1 
18B6O2Al2.65Yb-2 
62:38 2.55 2.56 
2.59 
2.59 
98.5 
98.8 
1.9 
1.2 - 
29.1±0.4 
29.2±0.7 
31.4±1.2 
- 
33.0±1.8 
- 
4.6±0.4 
4.4±0.1 
18B6O2Al2.65YHTPb 62:38 2.54 2.58 98.4 1.7 - 26.4±0.5 - - 4.3±0.3 
18B6O2.83Al3.75Yb-1 
18B6O2.83Al3.75Yb-2 
62:38 2.57 2.57 
2.61 
2.61 
98.5 
98.5 
0.8 
1.2 - 
28.1±0.7 
28.2±0.8 
29.5±1.4 
- 
30.5±0.6 
- 
5.1±0.8 
4.1±0.6 
18B6O2.87Al1.58Yb 80:20 2.53 2.59 97.7 0.8 Al18B4O33 28.3±0.9 29.4±0.9 31.4±0.9 3.8±0.9 
18B6O4.06Al2.24Yb 80:20 2.57 2.61 98.5 0.5 Al18B4O33 29.2±0.7 28.4±0.8 30.7±1.1 4.3±0.8 
18B6O1.48Al3.26Yb 50:50 2.57 2.59 99.2 1.2 - 27.9±0.4 27.4±1.0 28.6±0.8 3.8±0.6 
18B6O2.1Al4.63Yb 50:50 2.56 2.62 97.7 1.4 - 27.8±1.3 28.0±1.5 29.0±1.2 3.3±0.3 
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Material Al2O3:Y2O3 
mol ratio 
Density 
(g/cm3) 
Theoretical 
density 
(g/cm3) 
% 
Theoretical 
density 
Open 
porosity 
(%) 
Crystalline grain 
boundary phases Hv5 (GPa) Hv2 (GPa) Hv0.5 (GPa) 
KIC 
(MPa.m0.5) 
18B6O2Al2.65Y1Sia 62:38 2.46 2.59 95.0 4.4 - 30.0±1.6 - 30.9±0.9 4.9±1.0 
18B6O2Al2.65Y1Sib 62:38 2.55 2.59 98.5 1.2 - 27.6±0.6 - 30.9±1.1 3.2±0.5 
18B6O2.54Al1.4Y1.27Sib 62:38 2.56 2.58 99.2 1.1 - 27.4±0.9 - 27.6±0.4 3.9±0.9 
18B6O2.7Al3.57Y1.35Sib 80:20 2.58 2.61 98.9 0.1 Al18B4O33 27.4±1.0 - 31.4±1.9 3.7±0.4 
18B6O3.43Al1.89Y1.72Si
b 80:20 2.59 2.59 100.0 0.5 Al18B4O33 28.3±0.4 - 29.8±0.8 4.6±0.8 
18B6O2Al1Sia - 2.42 2.56 94.5 4.1 Al18B4O33 28.0±1.5 - 28.4±0.6 5.2±0.7 
19B6O1Ala - 2.51 2.55 98.4 3.0 Al18B4O33 30.2±1.8 - 30.9±0.6 5.8±0.5 
19B6O2Ala - 2.54 2.56 99.2 1.8 Al18B4O33 29.5±1.5 - 30.6±1.1 5.5±0.6 
19B6O3Ala - 2.55 2.57 99.2 2.1 Al18B4O33 27.0±0.7 - 28.9±0.5 4.5±0.5 
19B6O5TiCa - 2.49 2.60 95.8 2.4 TiB2, Al18B4O33 26.7±0.6 - 28.2±1.3 4.3±0.3 
19B6O5TiB2a - 2.62 2.60 100.8 0.8 TiB2, Al18B4O33 26.5±1.5 - 27.8±0.8 6.7±0.9 
16B6O5Pd - 1.75 2.98 58.7 26.7 Pd2B - - - - 
19B6O5Pd - 2.82 2.98 94.6 4.4 Pd2B 22.5±0.9 - - 13.5±3.2 
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Appendix C: XRD patterns of admixed powders and hot pressed composites 
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Figure C1: XRD pattern of B6O powder admixed with a) 1 wt% Al2O3 b) 5 wt% TiC. (b) 5 wt% TiB2. 
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Figure C2: Typical XRD patterns of Al-Y-doped B6O hot pressed composites showing only B6O 
peaks. (a) 18B6O1Al1.32Y (b) 18B6O2.83Al3.75Y 
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Figure C3: XRD pattern of Al-Y-doped B6O hot pressed composite (80 mol % Al2O3) showing 
aluminium borate phase. Remaining peaks belongs to B6O. 
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Figure C4: XRD pattern of B6O admixed with 2 wt% Al2O3, 2.65 wt% Y2O3, and 1 wt% SiO2. SiO2 is 
amorphous. 
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Appendix D: SEM micrographs of hot pressed composite materials 
 
  
 
 
 
Figure D1: SEM images of pure hot pressed B6O showing secondary phase. (a) 19B6Oa (b) 19B6Ob. 
 
 
 
 
 
a 
b 
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Figure D2: SEM micrographs of Al-Y-doped B6O hot pressed composite prepared from first batch of 
milled powder showing homogenous distribution of binder phase. White isolated spots are Fe and Cr 
contaminations from milling. 
 
a) 18B6O1Al1.32Ya 
b) 18B6O2Al2.65Ya 
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Figure D3: SEM images of Al-Y-doped B6O hot pressed composites prepared from second batch of 
milled powder showing segregation of yttria in higher additive content. 
a) 18B6O1Al1.32Yb b) 18B6O2Al2.65Yb 
c) 18B6O2.83Al2.75Yb d) 18B6O2.87Al1.58Yb 
e) 18B6O4.06Al2.24Yb f) 18B6O1.48Al3.26Yb 
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Figure D4: SEM images of Al-Y-doped B6O hot pressed composites at different temperatures. 
 
  
Figure D5: Low magnification image (SEM) of Al-Y-doped B6O hot pressed composite produced from 
heat treated powder showing segregation and cracks in microstructure. 
a) 1750oC b) 1800oC 
c) 1850oC 
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Figure D6: SEM images of Al-Y-Si-doped B6O hot pressed composites showing grain growth in 
higher SiO2 content. 
 
 
a) 18B6O2Al2.65Ya b) 18B6O2Al2.65Yb 
c) 18B6O2.7Al3.57Y1.35Sib d) 18B6O2.54Al1.4Y1.27Sib 
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Figure D7: SEM image of polished 18B6O2Al2.65Yb material showing indentation made with 5kg 
load. 
 
 
Figure D8: Crack path in polished Al-Y-doped B6O hot pressed composites indicating some crack 
deflections. Transgranular fracture occurred in these composites. 
a) 18B6O2Al2.65Ya b) 18B6O2Al2.65Ya 
d) 18B6O2Al2.65Yb f) 18B6O2.87Al1.58Yb 
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Figure D9: Crack path in polished Al-Y-Si-doped B6O hot pressed composites indicating some crack 
deflections. Transgranular fracture occurred in these composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 18B6O2Al2.65Y1Sia a) 18B6O2Al2.65Y1Sia 
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Appendix E: Particle size distribution of milled powders using the Mie-theory 
with refractive index of 2.409 and absorption of 0.08. 
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Figure E1: Dependency of particle size distribution of B6O powders on milling time. 
 
